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At a time when children in the U.S. and other developed nations are increasingly 
sedentary and often fail to meet dietary guidelines, the cognitive ramifications of these health 
choices continue to be elucidated. One brain structure impacted by fitness and nutrition is the 
hippocampus, and tasks that assess hippocampal function are ideally positioned for use in 
exercise and nutrition interventions, particularly early in life when these interventions may have 
the greatest benefit. While the hippocampus has historically been viewed as the heart of the 
episodic memory system and is known to support relational memory, a growing body of 
evidence has implicated the hippocampus in a wide range of cognitive domains, including 
mnemonic discrimination and creativity.  
The work presented in this dissertation investigates the development of hippocampal-
dependent cognition and the sensitivity of these varied aspects of hippocampal function to health 
factors, using a multidisciplinary approach that combines a broad array of physiological and 
cognitive metrics. Chapter one reviews the literature surrounding the hippocampal-dependent 
relational memory, its role in academic achievement, and the susceptibility of the hippocampus 
to the impact of physical activity, nutrition, and obesity and provides the framework within 
which the subsequent chapters operate. Chapter two investigates the relative contributions of 
aerobic fitness, body composition, and macular pigment optical density (MPOD) in predicting 
relational memory performance during childhood. Chapter three expands the investigation of 
hippocampal-dependent cognition beyond relational memory to include mnemonic 
discrimination and evaluates the associations between these distinct measures of hippocampal 
function and academic achievement. Chapter four continues to examine the relationship between 
the relational memory and mnemonic discrimination approaches to evaluating hippocampal 
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function in adults and children, adding a developmental perspective to this body of work. 
Chapter five further extends the realm of hippocampal-dependent cognition to include creativity 
and investigates the relationship between diet and creativity performance during childhood. 
Taken together, this collection of experiments provides evidence that, like the structure of the 
hippocampus itself, the development of hippocampal-dependent cognition is not a uniform 
process, and the cognitive functions subserved by the hippocampus are differentially sensitive to 
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CHAPTER 1: INTRODUCTION1 
 
Understanding lifestyle factors that contribute to cognitive health is of growing concern 
globally and considerable research is focused on both identifying factors that affect cognition 
and developing interventions to improve cognitive function. Understanding contributing health 
factors during childhood, when the brain and body are developing rapidly, is of particular interest 
to families, physicians, educators, and policymakers. Indeed, there is a growing body of literature 
touting the contributions of physical activity, nutrition, and obesity to cognition across the 
lifespan (for reviews see Gomez-Pinilla, 2011; Hillman, Erickson, & Kramer, 2008). In the case 
of school-aged children, cognitive performance is often quantified using measures of academic 
achievement, and an emerging body of literature suggests that these factors play a role in 
academic performance as well (Hillman et al., 2015). Specifically, aerobic fitness and physical 
activity are positively associated with academic achievement in cross-sectional studies (Carlson 
et al., 2008; Castelli, Hillman, Buck, & Erwin, 2007; Desai, Kurpad, Chomitz, & Thomas, 2015; 
for a review see Howie & Pate, 2012), and a number of physical activity interventions have 
produced improvements in this area (Caterino & Polak, 1999; Gabbard & Barton, 1979; 
McNaughten & Gabbard, 1993; Tomporowski, Lambourne, & Okumura, 2011). Similarly, 
overall dietary quality may also play a role in academic achievement. Children and adolescents 
who adhere to recommended dietary guidelines or patterns have been shown to exhibit superior 
academic achievement, relative to counterparts who regularly consume poorer quality diets 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Sections of this chapter appear in Mind, Brain, and Education and are referred to in this 
dissertation as “Hassevoort et al., 2016.” This article is reprinted under the terms of the Creative 
Commons Attribution License. Hassevoort, K.M., Khan, N.A., Hillman, C.H., Cohen, N.J. 
(2016). Childhood markers of health behavior relate to hippocampal health, memory, and 
academic performance. Mind, Brain, and Education 10(3), 162-170. doi: 10.1111/mbe.12108. 
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(Esteban-Cornejo et al., 2015; Florence, Asbridge, & Veugelers, 2008; Glewwe, Jacoby, & King, 
2001). Conversely, overweight and obese status are negatively related to measures of academic 
performance, including grade point average and standardized reading and math scores (Datar, 
Sturm, & Magnabosco, 2004; Li, Dai, Jackson, & Zhang, 2008; Shore et al., 2008), though these 
associations are not universally observed (Gunstad, Spitznagel, et al., 2008; LeBlanc et al., 
2012).  
 Complemented by the animal literature, studies of the relationship between physical 
activity, nutrition, obesity and cognitive function in humans have allowed researchers to identify 
promising targets within the brain for physical activity and nutritional interventions. One such 
target, and the neural focus of the subsequent set of studies, is the hippocampus, a highly 
metabolically active brain structure located within the medial temporal lobe that has long been 
known to support declarative memory and, more specifically, relational memory—the ability to 
bind together and store relations among the constituent elements of an experience (Eichenbaum 
& Cohen, 2001; Konkel & Cohen, 2009). 
In this review, we examine the ways in which the hippocampus and hippocampal 
dependent memory contribute to academic achievement. We review the research to date 
exploring the relationship between specific health factors--physical activity/fitness, nutritional 
intake, and obesity--and hippocampal structure and function and focus primarily on studies 
involving school-aged children. We conclude by discussing the implications of these findings in 
an educational setting. 
The role of the hippocampus in learning, memory, and academic achievement 
 Scoville and Milner’s work involving the patient known as “H.M.” was the first to 
establish that the hippocampus is necessary for episodic memory (Scoville & Milner, 1957). 
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Since then, research has sought to better characterize the ways in which the hippocampus 
supports memory function. There is substantial evidence that the hippocampus specifically plays 
a role in relational memory, which is defined as the ability to create and flexibly use bindings 
between arbitrary elements that make up an experience to guide behavior (Cohen & Eichenbaum, 
1993; Eichenbaum & Cohen, 2001; Konkel, Warren, Duff, Tranel, & Cohen, 2008). Examples of 
the situations in which the relational memory system is engaged include learning new 
information in science class, remembering a friend’s name when you see their face, or 
integrating the places, people, and dates you learned about when it comes time to write that 
history paper. These examples highlight the fact that the relational memory system is critically 
important in an educational setting, in which individuals are expected to acquire vast amounts of 
knowledge in a variety of subject areas.  
 The rich and flexible representations built by the hippocampus also play a role outside of 
what is traditionally considered “memory.”  Beyond its role in supporting memory for all manner 
of relations, the hippocampus interacts with other structures to play a vital role in the learning 
strategies (Voss, Gonsalves, & Federmeier, 2010; Voss et al., 2011). According to proponents of 
“active learning”, the effectiveness of this educational practice stems from the control students 
have over their individual learning processes, and it is this control over the learning process in 
which the hippocampus, along with the prefrontal cortex, plays a part. Voss et al. (2011) 
demonstrated that the hippocampus serves as the hub of a network involving prefrontal and 
parietal regions that supports effective learning strategies, which are in turn associated with 
superior memory for learned information. In addition to its role in the implementation of learning 
strategies, the hippocampus also operates as part of a network of brain regions that support 
flexible cognition, which includes the critical thinking and problem solving, creative thinking, 
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and social behavior (Buckner, 2010; Duff, Kurczek, Rubin, Cohen, & Tranel, 2013; Rubin, 
Watson, Duff, & Cohen, 2014). The development of effective learning strategies and flexible 
cognition is particularly important amongst school-aged children as these processes lay the 
groundwork for future academic success.  
 The hippocampus is particularly sensitive to the effects of a number of health factors. 
Specifically, a number of activity- and nutrition-related maladies like Type II diabetes (Korf, 
White, Scheltens, & Launer, 2006), hypertension (Korf, White, Scheltens, & Launer, 2004), and 
obesity (Dore, Elias, Robbins, Budge, & Elias, 2008; Jagust, Harvey, Mungas, & Haan, 2005), 
all appear to detrimentally influence hippocampal volume. The effects of health factors on 
hippocampal volume may be especially pronounced during childhood when the hippocampus is 
still developing and hippocampal volume is rapidly changing (Casey, Giedd, & Thomas, 2000; 
Gogtay & Thompson, 2010).  Furthermore, given the relationship between hippocampal volume 
and memory ability (Chaddock et al., 2010; Erickson et al., 2011; Maguire et al., 2000), it is 
likely that those health factors that affect hippocampal volume may, in turn, impact memory 
performance. Thus, for children, whose academic success relies upon hippocampal-dependent 
memory, these kinds of health issues could have a substantial impact. 
At the cellular and molecular level, the maladies mentioned previously lead to decreased 
hippocampal neurogenesis and synaptic plasticity, and increased neuroinflammation (Stranahan 
et al., 2008; Tucsek et al., 2014), all of which decrease the functional capabilities of the 
hippocampus. But while it is highly prone to stress induced by metabolic dysregulation, the 
hippocampus is also a highly plastic structure and the detrimental effects of metabolic 
dysregulation can be ameliorated through physical activity and nutritional interventions. Physical 
activity and nutritional interventions, either individually or in combination, result in increased 
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rates of hippocampal neurogenesis and upregulation of key neurotrophic factors within the 
hippocampus (Casadesus et al., 2013; Gómez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002; 
Molteni et al., 2004; van Praag, Christie, Sejnowski, & Gage, 1999; van Praag, Shubert, Zhao, & 
Gage, 2005; Vaynman, Ying, & Gómez-Pinilla, 2004). Furthermore, intervention in one area can 
offset the detrimental outcomes in another. For example, Molteni et al. (2004) demonstrated that 
exercise was capable of offsetting the harmful effects of an unhealthy diet by positively 
influencing the same systems that are disrupted by poor diet. The sensitivity of the hippocampus 
to the damaging effects of obesity and beneficial effects of physical activity and proper nutrition 
make it a prime target when examining the cognitive outcome of interventions that aim to reduce 
obesity and/or promote physical activity or improve diet quality.  
Interventions that target health behaviors are likely to have particularly beneficial 
outcomes on hippocampal function in school-aged children. During childhood and adolescence 
the hippocampus is still developing (Bryan et al., 2004; Johnson, 2001; Lenroot & Giedd, 2006) 
and is one of only two structures in the human brain capable of undergoing neurogenesis 
throughout the lifespan (Kaplan & Hinds, 1977; Ming & Song, 2011). Furthermore, 
improvements in hippocampal function are likely to produce improvements in academic 
achievement as well, given the vital role of the hippocampus in the implementation of learning 
strategies and the development of critical thinking and problem solving abilities, which are 
important for positive educational outcomes. 
Aerobic fitness, physical activity, and the hippocampus 
Animal models have allowed researchers to assess the effects of aerobic exercise on 
hippocampal structure and function at the molecular level and better understand the biological 
mechanisms by which exercise impacts this region. Research in rodents has determined that 
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engaging in aerobic exercise results in upregulated expression of a variety of key neurotrophic 
factors, as well as increased angiogenesis and neurogenesis, within the dentate gyrus subfield of 
the hippocampus (Mustroph et al., 2012; H van Praag, Christie, et al., 1999; van Praag, 
Kempermann, & Gage, 1999; Vaynman, Ying, & Gomez-Pinilla, 2004). It has been well 
established that both short-term (Berchtold, Chinn, Chou, Kesslak, & Cotman, 2005; Ding, Ying, 
& Gómez-Pinilla, 2011; Neeper, Gómez-Pinilla, Choi, & Cotman, 1996) and long-term 
(Berchtold, Castello, & Cotman, 2010; Gómez-Pinilla et al., 2002; Hopkins, Nitecki, & Bucci, 
2011) exercise programs increase gene- and protein-level expression of neurotrophic factors like 
brain-derived neurotrophic factor (BDNF), and these changes in BDNF expression appear to be 
specific to the hippocampus (Vaynman, Ying, & Gómez-Pinilla, 2004). Furthermore, long-term 
potentiation, a physiological process vital to learning and memory, is enhanced following 
exercise and this increased synaptic plasticity is associated with superior performance on tasks 
that depend on the hippocampus (Cotman, Berchtold, & Christie, 2007). Collectively, these 
findings suggest that the hippocampus and the functions it supports may be uniquely sensitive to 
the effects of exercise. 
It is not currently possible to quantify the biomarkers used in animal models to assess the 
effects of physical activity on the hippocampus within the human brain, but advances in non-
invasive neuroimaging technology have allowed for the measurement of physical activity-
induced changes in hippocampal integrity and a better understanding of the relationship between 
aerobic fitness and human hippocampal structure and function. In a sophisticated set of 
experiments, Pereira et al. (2007) utilized cerebral blood volume as an in vivo correlate of 
exercise-induced neurogenesis in humans. The researchers found that change in cerebral blood 
volume, measured via MRI, was strongly related to exercise-induced neurogenesis in rodents and 
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subsequently applied this technique to young adults before and after they participated in an 
exercise intervention. The change in cerebral blood volume with exercise was specific to the 
dentate gyrus, providing strong evidence of exercise-induced neurogenesis in humans.  
Other studies have focused on hippocampal volume when measuring the effects of 
physical activity and fitness on the hippocampus. Using structural MRI, Chaddock et al. (2010) 
found that children with higher aerobic fitness exhibited larger bilateral hippocampal volumes as 
well as superior performance on a relational memory task compared to lower-fit children, and 
further, bilateral hippocampal volume mediated the relationship between aerobic fitness and 
relational memory. Additionally, the researchers found that the positive association between 
hippocampal volume and memory performance was specific to relational memory, as 
hippocampal volume was not significantly associated with performance on an item memory task. 
A study of adolescents reveals a similar positive relationship between aerobic fitness and 
hippocampal volume (Herting & Nagel, 2012) and through the use of functional MRI (fMRI), 
Herting and Nagel (2013) found that higher-fit adolescents displayed a pattern of brain activation 
indicative of superior memory encoding during a subsequent memory task. The relationship 
between hippocampal volume and physical activity and fitness has also been observed in cross-
sectional and interventional studies in older adults. In a sample of community-dwelling older 
adults, aerobic fitness was positively related to left and right hippocampal volume, and to spatial 
memory performance (Erickson et al., 2009). A mediation analysis revealed that hippocampal 
volume partially mediated the relationship between aerobic fitness and spatial memory 
performance. Additionally, after participating in a 12-month exercise intervention, previously 
sedentary older adults who walked for 45 minutes 3 times/week increased their hippocampal 
volume by 1-2%, whereas individuals who were assigned to a stretching and toning group for the 
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duration of the intervention exhibited a 1-2% decrease in hippocampal volume (Erickson et al., 
2011). These exercise-induced changes in brain structure were specific to the hippocampus, as 
other subcortical regions did not experience increased volume with aerobic exercise.  
 In addition to neuroimaging approaches, eye-tracking has been successfully employed in 
studies involving school-aged children to assess the relationship between aerobic fitness and 
relational memory performance. In one study, Monti et al. (2012) utilized an adaptation of a 
paradigm described by Hannula and Ranganath (2009) using faces and scenes to assess the 
cognitive effects of a 9-month exercise intervention in preadolescent children. While there were 
no significant differences in memory performance between the exercise and control groups, 
children who had participated in the exercise intervention exhibited a pattern of viewing 
indicative of superior relational memory during the test portion of the task relative to control 
participants. Specifically, participants in the exercise group demonstrated a greater degree of 
disproportionate viewing to faces that they had studied with a tested scene compared to control 
participants. Furthermore, the association between participation in an exercise intervention and 
memory driven eye movements was specific to the relational memory condition of the task and 
was not seen in an item memory condition in which participants were required to identify 
previously studied faces that were all associated with the same scene. It is important to note that 
the memory data in this study were collected solely upon completion of the intervention, as no 
pre-intervention memory assessment was conducted. This pattern of results was also observed in 
a sample of higher-fit and lower-fit young adults (Baym, Khan, Pence, et al., 2014). 
Further, there is an increasing body of evidence that higher-fit children perform better on 
tests of hippocampal-dependent memory compared to their lower-fit peers. In a 2011 study, 
Chaddock et al. examined the relationship between aerobic fitness and executive control of 
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relational memory encoding and retrieval in preadolescent children. In this cross-sectional study, 
higher-fit and lower-fit children viewed a series of face-house pairings under each of two 
conditions. In one condition, participants were instructed to encode the faces and houses 
individually (non-relational condition) and in the other condition participants were instructed to 
encode the relations between the faces and houses (relational condition). Each encoding 
condition was followed by a recognition memory test that featured both previously studied pairs 
and novel item pairs. As expected, researchers found that higher-fit participants performed better 
than their lower-fit peers specifically for the relational encoding condition. In a separate study, it 
was shown that higher-fit (VO2 max above the 70th percentile according to age-specific norms) 
children had significantly higher accuracy on a relational memory task relative to lower-fit (VO2 
max below the 30th percentile) children (Chaddock et al., 2010). Further, the positive effects of 
superior fitness appear to extend to learning as well. Using a more naturalistic relational map-
learning task, Raine et al. (2013) found that higher-fit children outperformed low-fit children 
when no study strategy was supplied. However, when given a specific study strategy, lower-fit 
children’s performance improved to a point at which there were no longer significant differences 
between groups. These findings suggest that fitness may play the largest role in challenging 
learning situations in which the individual must generate their own study strategy. Differences in 
learning ability have also been observed in higher- and lower-fit adolescents. Using a virtual 
analogue of Morris Water Task, Herting and Nagel (2012) found that aerobic fitness predicted 
the amount of learning that occurred during the task, with higher-fit adolescents demonstrating 




Nutrition and hippocampal function 
 Much of the work relating dietary intake of particular nutrients to hippocampal function 
has been largely informed by animal studies. However, unlike the physical activity literature, 
which is often singular in treatment-type (i.e., volunteer/forced wheel running), a wider array of 
nutritional manipulations (e.g., fatty acids, simple sugars, western diet, and polyphenols) have 
been attempted in efforts to influence hippocampal function in rodents. The resultant findings 
suggest that diet composition can both positively and negatively impact hippocampal structure 
and function. For instance, consumption of nutrients with anti-inflammatory or antioxidant 
properties, such as polyphenols and omega-3 fatty acids, promotes increased hippocampal 
neurogenesis (Casadesus et al., 2013; He, Qu, Cui, Wang, & Kang, 2009; Kim et al., 2008), 
enhances hippocampal brain-derived neurotrophic factor (BDNF) expression and synaptic 
plasticity (Gómez-Pinilla, 2008; A. Wu, Ying, & Gomez-Pinilla, 2004), and mitigates the 
pathology of Alzheimer’s disease (Green et al., 2007; Lim et al., 2001; Wang, Beydoun, Liang, 
Caballero, & Kumanyika, 2008). Conversely, a diet high in saturated fatty acids and added 
sugars reduces the expression of BDNF and synaptic plasticity in the rodent hippocampus as well 
as performance on hippocampal-dependent learning tasks (Raffaella Molteni, Ying, & Gomez-
Pinilla, 2002;  a. Wu, Molteni, Ying, & Gomez-Pinilla, 2003).  
 Although bridging the gap between rodent models and humans has been challenging, a 
small number of studies have begun to examine the relationship between diet composition and 
hippocampal function in school-aged children, and the findings of these studies are consistent 
with the animal literature. In a study involving children between the ages of 10-13 years, plasma 
concentrations of docosahexaenoic acid (an omega-3 fatty acid) were related to neuroelectric 
indices of recognition memory (Boucher et al., 2011). A recent cross-sectional study conducted 
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in our laboratory examined the relationship between dietary intake of a number of components, 
including omega-3 fatty acids, saturated fatty acids, and refined sugar with relational memory in 
pre-pubescent children between the ages of 7 and 9 years. These findings demonstrated that 
accuracy on a relational memory task was positively associated with omega-3 fatty acid intake 
(Baym, Khan, Monti, et al., 2014). Interestingly, this association was selective to relational 
memory since there was no significant relationship between omega-3 fatty acid intake and item 
memory accuracy.  On the other hand, higher intake of saturated fatty acids was related to poorer 
accuracy during both relational and item memory tasks, suggesting a global or less selective 
negative influence of saturated fat intake on childhood memory systems.  Collectively, the 
aforementioned studies are among the first to demonstrate a relationship between dietary intake 
and hippocampal function during childhood and indicate that individual dietary components may 
exert beneficial or detrimental effects on the hippocampus in the developing brain. However, 
virtually all the research thus far on dietary components and the hippocampal memory system in 
children has been cross-sectional. Thus, our understanding of the directionality of nutrient-
memory interactions remains limited. Given the findings from the animal literature, it is likely 
that nutrient intake is a determinant of memory function. However, it remains possible that 
nutrient intake and diet patterns are a consequence of poorer memory or cognitive function. 
Nevertheless, there is sufficient preliminary evidence from both animal and human studies to 
warrant long-term or longitudinal studies as well randomized-controlled trials to identify 





Childhood obesity and the hippocampus 
 The rapid rise and elevated prevalence of childhood obesity represents one of the greatest 
public health challenge facing industrialized nations today. Although obesity has long been 
known to be a risk factor for a variety of detrimental health conditions, including cardiovascular 
disease, hypertension, some cancers, and metabolic disorders (Biro & Wien, 2010; Guh et al., 
2009), it is increasingly being recognized as a risk factor for cognitive impairment as well. 
Evidence from rodent models indicates that obesity and its related metabolic disorders reduce 
synaptic plasticity and BDNF expression in the hippocampus, exacerbate neuroinflammation and 
oxidative stress, and result in poorer performance on spatial (relational) memory tasks 
(Stranahan et al., 2008; Tucsek et al., 2014).     
 In the human literature, the cognitive deficits associated with obesity in later adulthood 
are well characterized. A growing body of evidence implicates obesity (along with common co-
morbid conditions including insulin resistance and hypertension) in the development of both 
Alzheimer’s Disease and other forms of dementia (Fitzpatrick et al., 2009; Hildreth, Van Pelt, & 
Schwartz, 2012). Obesity has also been associated with reduced white matter tract integrity 
(Stanek et al., 2011) and decreased whole brain volume and gray matter volume (Gunstad, Paul, 
et al., 2008). In a sample of young adults, obesity-related differences in brain structure were 
observed, and those with metabolic syndrome (a cluster of obesity-related factors known to 
increase subsequent disease risk) exhibited smaller hippocampal volumes and decreased white 
matter integrity relative to young adults with no metabolic syndrome risk factors (Yau, Castro, 
Tagani, Tsui, & Convit, 2012). Studies aimed at understanding the relationship between obesity 
and cognition during childhood have only recently emerged, and the majority of findings have 
been in the domain of executive control (Kamijo, Khan, et al., 2012; Kamijo, Pontifex, et al., 
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2012; Li et al., 2008; Scudder et al., 2014). However, one recent study examined the association 
between adiposity and hippocampal-dependent memory in school-aged children and found that, 
among overweight and obese children, total abdominal adipose tissue was negatively associated 
with relational memory accuracy (Khan et al., 2015). In contrast, the relationship between central 
adiposity and item memory accuracy was not significant, indicating that the relationship between 
adiposity and memory performance was specific to relational memory. Taken together, these 
results are consistent with findings in adults that greater central adiposity and increased waist-to-
hip ratio (another indicator of adiposity in central regions) are negatively associated with 
memory and hippocampal volume (Dore et al., 2008; Jagust et al., 2005). Further, the selective 
and negative relationship between abdominal adiposity and relational memory points to 
susceptibility of the hippocampal memory system to underlying metabolic dysregulation. Future 
research should aim to characterize the molecular and metabolic underpinnings of this 
relationship. 
Educational implications 
In an effort to boost academic performance, school districts across the country have 
implemented policies that restrict opportunities for physical activity during the school day in 
favor of extra time in the classroom (IOM, 2013). Unfortunately, these policies have contributed 
to an increase in rates of obesity and a decrease in aerobic fitness in school-aged children, which 
may actually have a negative impact on classroom performance, as lower aerobic fitness and 
overweight status are associated with poorer scholastic achievement (Castelli et al., 2007; 
Kamijo, Khan, et al., 2012). Furthermore, the evidence presented in this review suggests that 
these health markers affect the structure and function of the hippocampus, a structure known to 
be critical for successful learning and remembering. Together, these findings suggest that the 
! 14 
hippocampus may be a critical factor in the relationships among fitness, body composition, 
nutrition, and academic performance.  
The hippocampus supports learning and memory behaviors critical to day-to-day function 
across the lifespan, and plays a particularly important role during childhood when children are 
developing learning strategies and are responsible for memorizing massive amounts of 
information. Improving hippocampal function and the behaviors this structure supports has the 
potential to improve academic performance and future educational outcomes for school-age 
children. Given the evidence presented here, we propose that the hippocampus and the functions 
it serves are prime targets for interventions aimed at changing physical activity levels, aerobic 
fitness, diet, and weight status.  Furthermore, these interventions may be particularly 
advantageous when implemented during childhood when the hippocampus, and the structures 
with which it interacts, are still developing. Given that today’s children are highly sedentary, 
increasingly obese, and consistently fail to meet diet recommendations, interventions that affect 
these health factors hold the promise of improving both physical and cognitive health, laying the 
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CHAPTER 2: MACULAR CAROTENOIDS, AEROBIC FITNESS, AND CENTRAL 
ADIPOSITY ARE DIFFERENTIALLY ASSOCIATED WITH HIPPOCAMPAL-
DEPENDENT RELATIONAL MEMORY IN PREADOLESCENT CHILDREN2 
 
Abstract 
Objectives: To examine the associations of macular pigment carotenoids (lutein, meso-
zeaxanthin, and zeaxanthin), aerobic fitness, and central adiposity, with hippocampal-dependent 
relational memory in prepubescent children. 
Study Design: Children between the ages of seven and ten years (n = 40) completed a task 
designed to assess relational memory performance and participated in aerobic fitness, adiposity, 
and macular pigment optical density (MPOD) assessment. Aerobic fitness was assessed using a 
modified Balke treadmill protocol designed to measure maximal oxygen volume (VO2max). 
Central adiposity was assessed via dual-energy X-ray absorptiometry (DXA). MPOD was 
measured psychophysically using customized heterochromatic flicker photometry. 
Statistical analyses included correlations and hierarchical linear regression. 
Results: Aerobic fitness and MPOD were negatively associated with relational memory errors 
(p<0.01) while central adiposity was positively associated with relational memory errors (p<.05). 
Hierarchical regression analysis revealed that MPOD accounted for a significant amount of the 
variance in relational memory performance even after accounting for aerobic fitness (β = -0.388, 
p = 0.007). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Conclusions: Even after adjusting for aerobic fitness and central adiposity, factors known to 
relate to hippocampal-dependent memory, MPOD positively and significantly predicted 
hippocampal-dependent memory performance.  These findings are the first to relate macular 
pigment carotenoids to hippocampal-dependent memory, and the first, to our knowledge, to 
implicate these carotenoids in childhood cognitive performance.  
 
Introduction 
Health behaviors have a known association with physical health across the lifespan, with 
physical inactivity and poor dietary habits contributing to the prevalence of obesity and 
metabolic disorders amongst children in the United States (Ogden et al., 2016). Due to its high 
rate of metabolic activity and plasticity across the lifespan, the hippocampus is one brain region 
that is particularly susceptible to the effects of health factors such as aerobic fitness, diet, and 
obesity (Chaddock et al., 2010; Gómez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002; Khan et 
al., 2015; H van Praag, Kempermann, & Gage, 1999). These effects are likely to be particularly 
pronounced during childhood, when the hippocampus is still developing and experiences a high 
degree of plasticity, and understanding them is critical, as the hippocampus is necessary for 
relational memory (the binding and flexible use of elements that make up a scene or event) 
(Eichenbaum & Cohen, 2001; Konkel, Warren, Duff, Tranel, & Cohen, 2008), and supports the 
construction of a flexible knowledge base that is likely critical for children’s academic success. 
Much of what is currently understood about the mechanisms by which health factors impact 
hippocampal function is the result of extensive work in rodent models. Aerobic exercise and 
healthy diet have similar beneficial effects on the hippocampus, including enhanced synaptic 
plasticity, increased expression of brain-derived neurotrophic factor (BDNF), and increased 
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neurogenesis (Gómez-Pinilla et al., 2002; Vaynman, Ying, & Gomez-Pinilla, 2004;  a. Wu, 
Ying, & Gomez-Pinilla, 2008). Conversely, rats who consumed a high caloric diet (Jurdak, 
Lichtenstein, & Kanarek, 2008) or a diet high in sugar and saturated fatty acids (Molteni, 
Barnard, Ying, Roberts, & Gómez-Pinilla, 2002) experienced reduced synaptic plasticity, BDNF 
expression, and neurogenesis. Given the similarity of the mechanisms by which diet and exercise 
impact hippocampal function, these health factors may have interactive, and likely synergistic, 
effects. 
There is growing interest in understanding the role of plant pigments and dietary carotenoids, 
specifically lutein and zeaxanthin, in cognitive and brain health. These xanthophyll carotenoids 
are not endogenously produced and thus can only be obtained through diet, specifically through 
the consumption of dark leafy greens, cruciferous vegetables, eggs, and some fruits 
(Sommerburg, Keunen, Bird, & van Kuijk, 1998). Lutein is also the dominant carotenoid in brain 
tissue (Johnson et al., 2013; Vishwanathan, Kuchan, Sen, & Johnson, 2014), where it may serve 
antioxidant and anti-inflammatory roles (Johnson, 2014).  These carotenoids (along with the 
lutein metabolite meso-zeaxanthin) also preferentially accumulate in the macula of the retina, 
forming the macular pigment, where they serve as antioxidants, likely protecting against age-
related macular degeneration (Ozawa et al., 2012; Snodderly, 1995).  In nonhuman primates 
macular pigment optical density (MPOD), a noninvasive measure of macular carotenoids, is 
significantly associated with the concentrations of lutein and zeaxanthin in brain tissue, making 
MPOD a suitable biomarker of lutein and zeaxanthin accumulation in the brain (Vishwanathan, 
Neuringer, Snodderly, Schalch, & Johnson, 2013). In older adults both macular pigment 
carotenoids, assessed via MPOD, and brain lutein concentration are associated with cognitive 
performance (Johnson et al., 2013; Vishwanathan, Iannaccone, et al., 2014).  
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Yet, despite evidence that lutein is the dominant carotenoid in the developing brain 
(Vishwanathan, Kuchan, et al., 2014), MPOD has rarely been assessed in a pediatric population 
(McCorkle et al., 2015; Zheng et al., 2013) and, to our knowledge, no study has yet explored the 
relationship between macular pigment carotenoids and cognitive performance during childhood. 
Given the proposed antioxidant properties of lutein within the brain and the high likelihood of 
oxidative stress within the hippocampus, lutein may have a pronounced effect on hippocampal 
function, similar to other dietary and exercise factors that promote hippocampal health. The goal 
of the present study was to examine the relative and potentially interactive contributions of 
aerobic fitness, central adiposity, and macular pigment carotenoids to hippocampal-dependent 
memory performance in preadolescent children. We hypothesized that MPOD would predict a 




Participants were preadolescent children (N = 40, 25 female) between the ages of seven 
and ten years from an East-Central Illinois community (for demographic and health 
characteristics of the sample, see Table 2.1). Participants were recruited from a larger sample of 
children who recently completed participation in or were recently enrolled in the Fitness 
Improves Thinking in Kids (FITKids) Trial. Exclusion criteria for the FITKids Trial included 
neurological or attentional disorders, physical disabilities that might prevent participation in 
physical activity, and psychoactive medication status. Specifically, participants underwent an 
initial telephone screening using the ADHD-IV Rating Scale to rule out Attention Deficit 
Hyperactivity Disorder (ADHD), followed by a pre-participation health screening using the 
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Physical Activity Readiness Questionnaire (PAR-Q) to ensure that participants did not have a 
family history of early-onset serious heart conditions or pre-existing health conditions (including 
asthma, high blood pressure, diabetes, epilepsy, fainting) that might put them at risk of an 
adverse event during exercise. All surveys and questionnaires were completed by the 
participant’s parent or legal guardian. Participants had normal or corrected-to-normal vision. All 
participants provided written assent and each participant’s legal guardian provided written 
informed consent in accordance with the regulations of the University of Illinois Institutional 
Review Board. 
Table 2.1. Participant Demographics and Health Characteristics (N=40, except where indicated 
otherwise)  
Measure n (%) 
Sex  
       Female 25 (63%) 
       Male 15 (37%) 
Socioeconomic Status (n = 39)  
       Low 13 (33%) 
       Middle 16 (41%) 
       High 10 (26%) 
 Sample Mean ± 
SE 
Age (years; range = 7.9 – 10.6) 8.8 ± 0.11 
IQ (Woodcock-Johnson brief intelligence assessment standard score) 114.3 ± 2.24 
Body Max Index (kg/m2) 19.0 ± 0.50 
Fat-Free Maximal Oxygen Consumption (ml ! kg-1
 
! min-1) 62.3 ± 1.27 
Total Abdominal Adipose Tissue (cm2) 185.1 ± 15.47 
Macular Pigment Optical Density (n = 39) 
Time between health/demographic and cognitive testing (weeks) 
0.66 ± 0.03 
5.5 ± 0.54 
Note: SES was measured according to a previously utilized trichotomous index based on (1) 
participation of the participant in a free- or reduced-lunch program at school, (2) the number of 




Participants completed one two-hour cognitive testing session as a follow-up to their 
participation in FITKids testing sessions. During this session, children the relational memory 
task described below. Additional demographic, cognitive, and health measures were gathered as 
part of the FITKids trial, including measures of age, sex, socioeconomic status (SES) (Birnbaum 
et al., n.d.; C. H. Hillman et al., 2014), IQ (assessed via the Woodcock-Johnson brief intelligence 
assessment) (Woodcock, McGrew, & Mather, 2001), aerobic fitness (assessed via a maximal 
oxygen consumption (VO2max) test), adiposity (assessed via dual-energy x-ray absorptiometry 
(DXA)), macular pigment optical density (MPOD), and a cognitive test battery (see Table 2.1 for 
additional demographic information). For the current sample, the follow-up cognitive testing 
session took place, on average, 5.5 weeks following the collection of demographic and health 
data.  
Aerobic Fitness Assessment   
Aerobic fitness was assessed using a graded exercise test, during which maximal oxygen 
consumption (VO2max) was measured via an indirect calorimetry system (True Max 2400; 
ParvoMedics, Sandy, UT). Participants completed a modified Balke protocol (American College 
of Sports Medicine, 2010). During testing, the heart rate of each participant was monitored 
constantly using a Polar heart rate monitor (Polar WearLink1 131, Polar Electro, Finland) and a 
measure of perceived exertion was attained every 2 minutes using the children’s OMNI scale of 
perceived exertion (Utter, Robertson, Nieman, & Kang, 2002). VO2max was based on 
accomplishing two of the following four criteria: (1) a heart rate within ten beats/min of the age 
predicted maximum, (2) a respiratory exchange ratio (the ratio between carbon dioxide and 
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oxygen percentage) greater than 1.0, (3) a rating greater than eight on the children’s OMNI scale 
of perceived exertion, and/or (4) a plateau in VO2 despite an increase in workload.  
Traditional VO2max scores are calculated relative to an individual’s body weight (relative 
VO2max). The present investigation focused on fat-free VO2max, for which scores are calculated 
relative to an individual’s fat-free mass rather than total body weight to more effectively parse 
out the contributions of muscle and fat mass to the primary outcomes.  
Anthropometrics and Central Adiposity Assessment 
Participants’ height and weight were measured using a stadiometer (model 240; Seca, 
Hamburg, Germany) and a digital scale (WB-300 Plus; Tanita, Tokyo, Japan). These measures 
were used to obtain a body mass index (BMI) value for each participant. 
As previously described by Khan et al. (Khan et al., 2015), central adiposity was assessed by 
dual-energy radiograph absorptiometry (DXA) using a Hologic QDR 4500A bone densitometer 
(software version 13.4.2; Hologic, Bedford, MA). Central adiposity was estimated using a 
measure of total abdominal adipose tissue (TAAT) area. The abdominal region of interest was a 
5-cm-wide section placed across the entire abdomen level approximately coinciding with the 
fourth lumbar vertebrae on the whole-body DXA scan. TAAT was defined as the total adipose 
tissue (visceral and subcutaneous) area within this region and was selected as the adiposity 
measure of interest because of previous work demonstrating a relationship between TAAT and 
relational memory performance in a similar sample of preadolescent children (Khan et al., 2015).  
MPOD Assessment 
MPOD was assessed via customized heterochromatic flicker photometry (cHFP) using a 
macular densitometer (Macular Metrics Corporation, Rehoboth, MA,USA). The particular 
densitometer used in this study was nearly identical to a version described by Wooten et al. 
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(Wooten, Hammond, Land, & Snodderly, 1999). All measurements were made on the 
participant’s right eye and participants wore their own corrective lenses to ensure that their visual 
acuity was 20/20 at test. 
The modified MPOD assessment protocol used for the children in this study was 
originally developed by Renzi et al. (Renzi, Dengler, Puente, Miller, & Hammond, 2014) and its 
use in children has previously been described by McCorkle et al. (McCorkle et al., 2015). 
Participants were given instructions and a practice trial before 5 foveal and 5 parafoveal 
measurements were made. MPOD was recorded at two separate sessions and the average of the 
two assessments was used as the composite score, with higher scores indicating more lutein 
accumulation in the macula.  
Relational Memory Assessment 
Children completed a computerized spatial reconstruction task designed to assess 
hippocampal-dependent relational memory (see Figure 2.1). Each participant viewed a 
standardized instruction video prior to beginning the practice phase of the task. The task began 
with a practice block consisting of three trials followed by three 12-trial study-test blocks for a 
total of 36 trials. During each trial, the participant viewed a five-stimulus array for 20 seconds. 
The set of stimuli was comprised of 195 distinct creatures that were created in Spore Creature 
Creator (Electronic Arts Inc.) and presented using Presentation software (NeuroBS). The study 
period was immediately followed by a 4-second fixation, after which the previously viewed 
creatures reappeared aligned at the top of the screen. The participant was instructed to use the 
mouse to click and drag each creature in an effort to reconstruct the display they had previously 
studied. The reconstruction portion of each trial was self-paced and the participant was 
encouraged to move on to the next trial only once they were satisfied with their arrangement. 
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Spatial reconstruction performance was assessed using many of the same metrics employed by 
Watson et al. (Watson, Voss, Warren, Tranel, & Cohen, 2013) in a similar spatial reconstruction 
task. These metrics consisted of four measures of reconstruction error (see Figure 2.1): (1) item 
misplacement (distance between the geographic centers of an item’s studied and reconstructed 
locations, measured in pixels), (2) edge resizing (the change in the straight-line distance between 
a pair of items at study and reconstruction, measured in pixels), (3) rearrangement (the frequency 
of categorical changes in shape of the studied items) and (4) swaps (categorized as a change in 
the signs of both the X and Y coordinates of the vector representing the spatial relationship 
between a pair of creatures; i.e. a transposition of a pair of items in space, indicative of a failure 
in item-location binding) (Lucas et al., 2016; Watson et al., 2013). While each of the error types 
can be considered a relational memory error, swaps have previously demonstrated a unique 
sensitivity to hippocampal integrity in patients with hippocampal damage (Pertzov et al., 2013; 
Watson et al., 2013) as well as healthy young (Schwarb, Johnson, McGarry, & Cohen, 2016) and 
older adults (Monti et al., 2015). For each participant, these error metrics were obtained by 



























Figure 2.1. Depiction of (A) a sample trial from the spatial reconstruction task, and (B) the four 
error metrics used to determine performance on this task. 
 
Statistical Analysis 
Statistical analyses were conducted with SPSS Statistics 23.0 (http://www.spss.com).  We 
first conducted correlations between demographic variables (age, sex, and SES) and our 
relational error metrics (misplacement, resizing, rearrangement, and swaps). We subsequently 
performed bivariate correlations between the fitness and macular pigment carotenoid measures 
(VO2Max, TAAT, and MPOD), and relational error metrics to determine variable selection for 
the hierarchical regression.  Of the four error measures, we selected swaps as the primary 
dependent variable in the regression model, as they have been shown to be the most sensitive of 
the four to possible relational memory differences between groups, as well as hippocampal 
integrity (Lucas et al., 2016; Monti et al., 2015; Schwarb et al., 2016; Watson et al., 2013). The 
first step of the model consisted of the demographic variable IQ, as we chose to include only 
those variables that were significantly correlated to our error metric of interest (i.e. swaps).  The 
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next steps included the health variables in the following order: VO2max, TAAT, and MPOD.  
This order was chosen so that those variables that had previously been shown to be associated 
with relational memory (Baym et al., 2014; Khan et al., 2015) were entered first so that we could 
clearly see the effects of including MPOD in our model.  We conducted a final regression 
including all of the significant variables to show the linear combination of variables that best 




To assess overall performance on the relational memory task, we compared participants’ 
rates of errors with error rates based on chance. Participants’ error rates across all four 
reconstruction error metrics were above chance and are summarized in Table 2.2. To better 
understand the relationship between all reconstruction error metrics, we examined the cross 
correlations between these metrics (see Table 2.3). All four error metrics were significantly 
inter-correlated, which is expected given tightly coupled relationships between the possible types 
of reconstruction errors (Watson et al., 2013) 
Table 2.2. Spatial Reconstruction Task Performance Measures: Reconstruction Error Means 
Error Type Mean ± SE 
Misplacement (pixels) 295.3 ± 11.7 
Edge Resizing (pixels) 437.8 ± 17.8 
Rearrangement (per relation) 0.36 ± 0.01 





Associations between health factors, demographic variables and reconstruction error metrics 
To examine the link between relational memory performance and VO2max, TAAT, and 
MPOD, bivariate correlations between reconstruction errors and these health factors were 
conducted (Table 2.3). Both fat-free VO2max and MPOD were significantly negatively 
associated with all error types, indicating that higher aerobic fitness and higher levels of macular 
pigment carotenoids were both associated with better reconstruction performance. TAAT was 
significantly positively correlated with three of the four reconstruction error metrics, suggesting 
that greater central adiposity was associated with poorer performance during reconstruction. 
 To determine whether the demographic variables of age, sex, SES, or IQ accounted for 
the associations between health factors of interest, we performed bivariate correlations between 
demographic variables and all four reconstruction error metrics. While age, sex, and SES were 
not significantly correlated with any of the types of reconstruction errors, IQ was significantly 
negatively correlated with all four reconstruction error metrics (Table 2.3) and was therefore 




Table 2.3. Correlation Matrix Depicting Bivariate Associations Between Memory, Demographic, and Health Measures of Interest 
Note: Macular lutein assessment: macular-pigment optical density (MPOD). Aerobic fitness assessment: maximal oxygen 






ement Swaps Age Sex SES IQ 
Fat-free 
VO2max TAAT MPOD 
Misplacement            
Edge Resizing .987***           
Rearrangement .921*** .914***          
Swaps .952*** .945*** .846***         
Age -.064 -.064 -.068 -.099        
Sex -.033 -.031 .004 -.067 .188       
SES -.145 -.134 -.157 -.194 .037 .080      
IQ -.354* -.390** -.271* -.438** .163 .234 .115     
Fat-free 
VO2max 
-.338* -.370** -.222 -.382** -.042 .170 .038 .278*    
TAAT .272* .281* .184 .329* -.011 -.408** -.272* -.460** -.374**   
MPOD -.388** -.340* -.306* -.453* .217 -.062 .354* .220 .033 .006  







Modeling Health Factors’ Association with Relational Memory Errors 
We next used hierarchical regression analysis to examine the relative contributions of 
VO2max, TAAT, and MPOD to relational memory performance. Of the reconstruction error 
metrics, we chose to focus on swap errors as the dependent variable of interest because of their 
known association with hippocampal function (Pertzov et al., 2013; Watson et al., 2013) 
The stepwise hierarchical regression model predicting swap errors is summarized in Table 2.4. 
As IQ was the only demographic variable that was significantly correlated with swaps, it alone 
was included in step one and each health factor was added one-by-one in the subsequent steps. 
Health factors were added in an order consistent with the strength of evidence for that factor’s 
association with hippocampal function and hippocampal-dependent memory performance. The 
step 1 variable of IQ accounted for a significant portion of the variance in the data (ΔR2 = 0.174, 
p = .008). The addition of fat-free VO2max in step two marginally increased the variance in swap 
errors explained by the model (ΔR2 = 0.075, p = 0.065) and was therefore left in the model.  The 
incorporation of TAAT in step three did not significantly increase the explained variance of the 
model (ΔR2 = 0.005, p = 0.635), and was thus left out of the final model. Importantly, the 
addition of MPOD significantly increased the model R2 (ΔR2 = 0.143, p = 0.007), indicating that 
MPOD accounts for a significant portion of variance in swap errors, even after the inclusion of 
IQ and VO2max. Our final model included IQ (β = -.252 , p = .081), VO2max (β = -0.296, p = 




Table 2.4. Summary of Hierarchical Regression Analyses for Swap Reconstruction Errors: 
MPOD Significantly Improves Model Fit Even After Accounting for IQ and Other Health 
Factors 




Model 1 .174 .008 
       IQ   
Model 2        .075† 
 
.065 
       Model 1 
    + Maximal Oxygen Consumption 
       (Fat-free VO2max) 
  
  
Model 3  .005 .635 
       Model 2  
    + Total Abdominal Adipose 
       Tissue (TAAT) 
 
  
Model 4 .143* .007 
       Model 2  
    + Macular Pigment Optical 
       Density (MPOD) 
  
 
† p < .10 (1-tailed) 
* p < .05 (1-tailed) 
 
Discussion 
In the first study to relate macular carotenoids to hippocampal-dependent memory, we 
found that MPOD was positively associated with relational memory ability in a reconstruction 
task.  This association was present even after testing for other health (aerobic fitness and central 
adiposity) and demographic variables that have previously been related to relational memory 
performance. Relational memory performance was also individually associated with aerobic 
fitness, central adiposity, and macular pigment carotenoids, replicating previous findings in the 
literature (Baym et al., 2014; Khan et al., 2015)  
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The present data indicate that macular pigment carotenoids play an important role in 
hippocampal-dependent memory in children, in that greater accumulation of macular carotenoids 
was associated with superior performance on a hippocampal-dependent relational memory task. 
Even after accounting for IQ and aerobic fitness, lutein levels still additively contributed to the 
hierarchical regression model of relational memory performance. It is important to note that, 
while aerobic fitness and macular pigment carotenoids were both related to relational memory 
performance, these two health factors were not significantly associated with each other. This 
suggests that our model captures two different components that may contribute to relational 
memory: aerobic fitness and dietary intake of lutein. Our findings are consistent with studies in 
older adults, which found significant associations between macular pigment carotenoids and 
cognitive performance across multiple domains (Feeney et al., 2013; Kelly et al., 2015; 
Vishwanathan, Iannaccone, et al., 2014). Furthermore, in one of the only studies to examine the 
role of lutein supplementation in altering cognitive performance, a 4-month double-blinded, 
placebo-controlled trial involving healthy older women found that lutein supplementation 
improved verbal fluency, and when combined with docosahexaenoic acid (DHA) 
supplementation, improved memory scores and learning efficiency (Johnson et al., 2008). Our 
results add to the growing body of nutrition literature that highlights the contributions of 
individual nutrients to learning and memory. Furthermore, our findings provide strong evidence 
of the link between dietary carotenoids, known to preferentially accumulate in the macula and 
brain, and cognitive performance as we were able to measure a dietary biomarker rather than rely 
on participants’ self-reported intake 
 In the current sample, we also found a positive association between aerobic fitness and 
relational memory performance. Aerobic fitness has been previously linked to executive function 
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during childhood (C. H. Hillman et al., 2014; Charles H Hillman, Buck, Themanson, Pontifex, & 
Castelli, 2009; C.-T. Wu & Hillman, 2013), as well as to hippocampal volume in children 
(Chaddock et al., 2010) and adolescents (Herting & Nagel, 2012), and the current results 
strengthen these previous findings by demonstrating that aerobic fitness is significantly 
associated with relational memory performance in preadolescent children. A link between 
aerobic fitness and hippocampal function is supported by an extensive animal literature, in which 
aerobic exercise is associated with increased hippocampal neurogenesis and superior 
performance on tasks of hippocampal-dependent learning and memory (Creer, Romberg, 
Saksida, van Praag, & Bussey, 2010; Mustroph et al., 2012; H van Praag et al., 1999; Henriette 
van Praag, Shubert, Zhao, & Gage, 2005). 
The present analyses also revealed a relationship between central adiposity and memory 
performance, with central adiposity significantly and positively associated with relational 
memory errors. These findings are largely consistent with previous studies that found a negative 
association between central adiposity and hippocampal-dependent memory performance in 
adults and children (Jagust, Harvey, Mungas, & Haan, 2005; Khan et al., 2015). Central 
adiposity appears to play a larger role in metabolic diseases than whole body adiposity (Després 
et al., 2008), and this relationship between central fat deposition and metabolic disease offers a 
potential mechanism by which obesity may contribute to poorer cognition. Additionally, central 
adiposity may disrupt the body’s glucose homeostasis, and in turn affect hippocampal-memory 
processes via disruptions in insulin signaling. Through the use of DXA which is, unlike BMI, a 
direct measure of adiposity, we were able to refine our analysis to include only adipose tissue 
accumulation (visceral and subcutaneous) for those sites (i.e. the abdominal region) in which this 
accumulation seems to be most harmful. But while central adiposity was significantly associated 
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with relational memory performance, it did not significantly contribute to our hierarchical 
regression model once IQ had been included in step 1 and so was not included in the final model. 
This is likely due to the significant association between central adiposity and IQ, which is 
consistent with previous work linking central adiposity (Kamijo et al., 2012) and 
overweight/obese status (Li, Dai, Jackson, & Zhang, 2008) to performance on standardized tests 
of academic achievement amongst children.  
 While IQ was significantly associated with relational memory, MPOD explained a 
significant amount of variance in relational memory performance in our hierarchical regression 
model even after accounting for IQ. It is unsurprising that, while relational memory performance 
may be reflective of IQ, the association with MPOD was specific to relational memory, while IQ 
was not significantly associated with MPOD. There is extensive evidence linking relational 
memory to the hippocampus, and given the known sensitivity of this brain region to the 
beneficial effects of proper nutrition and physical activity (Erickson et al., 2011; Molteni et al., 
2002; Henriette van Praag et al., 2005;  a. Wu et al., 2008),  tasks that assess relational memory 
are best suited to detect what may be subtle effects of nutrition on the hippocampus (Monti, 
Baym, & Cohen, 2014).  
While the current study reveals relationships between health factors and cognitive function, the 
absence of an interventional design prevents us from making causal claims about these 
relationships. Future studies examining these relationships in children should address this issue 
using a randomized controlled trial (RCT) design to determine whether changes in these health 
factors impact memory performance and whether such changes have synergistic effects on 
cognition. The current study is also limited in its ability to address the brain mechanisms that 
underlie the relationship between health factors and relational memory performance. While both 
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the relational memory task and the macular pigment carotenoid measure used in this study have 
been linked to hippocampal function (Watson et al., 2013) and brain lutein levels (Johnson et al., 
2013; Vishwanathan et al., 2013) respectively, we did not have any neuroimaging measures 
available for these participants, limiting our ability to link our data with these studies. Future 
work should include magnetic resonance imaging measures of hippocampal volume and 
connectivity in order to better identify the underlying processes at work. Finally, although lutein 
and zeaxanthin are not synthesized endogenously, single nucleotide polymorphisms in particular 
genes (e.g., BCMO1 and CD36) could account for over 30% of the variability in MPOD (Borel 
et al., 2011).  Additional studies accounting for genetic factors are necessary to elucidate the 
precise role of dietary xanthophyll intake and MPOD in cognition. 
In conclusion, the current study found that macular pigment carotenoids, in addition to 
aerobic fitness and central adiposity, predict relational memory performance on a spatial 
reconstruction task. In our hierarchical regression model, macular pigment carotenoids accounted 
for a significant amount of variance in memory performance, even after accounting for 
demographic and other health factors. These results suggest that, in addition to the conventional 
recommendation of being more active, children should also be encouraged to meet dietary 
guidelines which promote the incorporation of rich sources of plant pigments and carotenoids 
such as dark leafy greens, eggs, and avocadoes into the diet, to improve memory performance.  
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CHAPTER 3: RELATIONAL MEMORY IS ASSOCIATED WITH ACADEMIC 
ACHIEVEMENT AMONG PREADOLESCENT CHILDREN3 
 
Abstract 
Cognitive functions supported by the hippocampus, including relational memory and the 
implementation of effective learning strategies, are purported to be vital to academic success. 
Yet there is little evidence tying performance on standardized measures of academic 
achievement to performance on hippocampal-dependent tasks. This study tested the association 
between relational memory performance and academic achievement.  Preadolescent participants 
(N = 181; mean age = 8.7 years; 97 females) completed the Kaufman Test of Educational 
Achievement, 2nd edition (KTEA-II) along with the Mnemonic Similarity Task (MST) (Stark et 
al., 2013) and a task designed to assess both spatial relational memory and the resolution of 
memory for highly similar studied objects.  A subset of participants (n=40) completed an 
additional spatial reconstruction relational memory task. While performance on the MST and 
object memory resolution were not significantly associated with academic achievement, 
relational memory performance was positively associated with mathematics, written language, 
and overall academic achievement.  The association between relational memory and academic 
achievement remained significant even after controlling for demographic factors including age, 
sex, and socioeconomic status. These findings suggest that the processes underlying relational 
memory performance are critical for academic success during preadolescence.  
  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3!This chapter is currently under review and is referred to in this dissertation as “Hassevoort et al., under 
review.” Full reference: Hassevoort, K.M., Khan, N.A., Hillman, C.H., Kramer, A.F., Cohen, N.J. (under 




 Standardized assessments of academic achievement are being used with increasing 
frequency to determine the educational trajectories of school-aged children and more broadly to 
quantify the efficacy of educational programs. At a time when standardized testing is the primary 
means by which to characterize children’s academic success, understanding the cognitive 
abilities that underlie academic achievement is therefore of interest to educators and 
policymakers alike. The hippocampus is a brain region that has been consistently implicated the 
processes purported to contribute to academic achievement, including relational memory (Cohen 
& Eichenbaum, 1993; Konkel, Warren, Duff, Tranel, & Cohen, 2008), creativity and flexible 
cognition (Duff, Kurczek, Rubin, Cohen, & Tranel, 2013; Rubin, Watson, Duff, & Cohen, 2014), 
and prospection (Buckner, 2010; Prabhakar, Coughlin, & Ghetti, 2016). Additionally, the 
hippocampus contributes to the optimization of learning strategies, including the active control 
of exploratory behavior during learning, serving as the hub of a network involving medial 
temporal lobe and prefrontal cortex structures (Voss et al., 2011; Wang, Cohen, & Voss, 2014). 
Hippocampal structure and function are also known to be affected by physical activity 
(Erickson et al., 2011) and aerobic fitness (Chaddock et al., 2010; Erickson et al., 2009; Herting 
& Nagel, 2012), and adiposity (Khan et al., 2015), health factors widely associated with 
measures of academic achievement in children (Castelli, Hillman, Buck, & Erwin, 2007; Desai, 
Kurpad, Chomitz, & Thomas, 2015; Kamijo et al., 2012; Kwak et al., 2009; Moore, Drollette, 
Scudder, Bharij, & Hillman, 2014). Yet despite the frequency with which the hippocampus and 
the processes it supports are purported to be critical to academic performance, little has been 
done to determine whether tasks designed to assess hippocampal-dependent cognitive processes 
are predictive with respect to academic achievement.  
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 In the present study, we examined the relationship between performance on three 
hippocampus-dependent tasks and standardized measures of academic achievement. Specifically, 
we selected tasks designed to tap into distinct cognitive processes attributed to the hippocampus 
to determine whether the relationship between hippocampal function and academic achievement 
was specific to particular hippocampus-supported cognitive processes. One task we employed 
was a spatial reconstruction relational memory task, which is sensitive to differences in aerobic 
fitness among children (Hassevoort et al., 2017) and for which hippocampal involvement has 
previously been established (Monti et al., 2015; Watson, Voss, Warren, Tranel, & Cohen, 2013). 
We also utilized an object-based mnemonic discrimination task developed by Stark et al. (Stark, 
Yassa, Lacy, & Stark, 2013) known to be sensitive to changes in hippocampal function in the 
context of healthy and pathological aging. We developed a third task by combining elements of 
spatial relational memory and object-based mnemonic discrimination from the first two tasks. 
The use of this third task allowed us to compare mnemonic discrimination and relational memory 




 Participants were prepubescent children (N = 181, 97 female) between the ages of seven 
and ten years from an East-Central Illinois community (for a summary of the demographic 
characteristics of the sample, see Table 3.1) enrolled in the Fitness Improves Thinking in Kids 2 
(FITKids2) Trial between 2014 and 2016 (ClinicalTrials.gov: NCT01619826). Unless otherwise 
indicated, all data were collected at baseline (i.e. before participants completed the FITKids2 9-
month after-school physical activity program). Exclusion criteria for the FITKids2 Trial included 
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neurological or attentional disorders, physical disabilities that might prevent participation in 
physical activity, and psychoactive medication status. Additionally, all participants had normal 
or corrected-to-normal vision. Participants’ pre-pubertal status was verified using the modified 
Tanner staging system (Taylor et al., 2001). All surveys and questionnaires were completed by 
the participant’s parent or legal guardian. Socioeconomic status (SES) was assessed using a 
trichotomous index based on maternal and paternal education levels, the number of parents 
working full time, and participation in a school meal-assistance program (Birnbaum et al., 2002). 
All participants provided written assent and each participant’s legal guardian provided written 
informed consent in accordance with the regulations of the University of Illinois Institutional 
Review Board. 
BMI Assessment 
 Participants’ height and weight were measured using a stadiometer (model 240; Seca, 
Hamburg, Germany) and a digital scale (WB-300 Plus; Tanita, Tokyo, Japan). These measures 
were used to obtain a body mass index (BMI) value for each participant. 
Aerobic Fitness Assessment 
Aerobic fitness was assessed using a graded exercise test, during which maximal oxygen 
consumption (VO2max) was measured via an indirect calorimetry system (True Max 2400; 
ParvoMedics, Sandy, UT). Participants completed a modified Balke protocol (American College 
of Sports Medicine, 2010). During testing, the heart rate of each participant was monitored 
constantly using a Polar heart rate monitor (Polar WearLink1 131, Polar Electro, Finland) and a 
measure of perceived exertion was attained every 2 minutes using the children’s OMNI scale of 
perceived exertion (Utter, Robertson, Nieman, & Kang, 2002). VO2max was based on 
accomplishing two of the following four criteria: (1) a heart rate within ten beats/min of the age 
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predicted maximum, (2) a respiratory exchange ratio (the ratio between carbon dioxide and 
oxygen percentage) greater than 1.0, (3) a rating greater than eight on the children’s OMNI scale 
of perceived exertion, and/or (4) a plateau in VO2 despite an increase in workload. Our measure 
of interest was VO2max percentile, which was determined using established age- and sex-based 
norms (Shvartz & Reibold, 1990). 






       Female 97 (54%) 
       Male 84 (46%) 
Socioeconomic Status (n = 39)  
       Low 78 (43%) 
       Middle 60 (33%) 
       High 43 (24%) 
 Sample Mean ± SE 
Age (years; range = 7.9 – 10.6) 8.7 ± 0.04 
VO2max percentile (n=178) 35.9 ± 2.3 
BMI (kg/m2) (n=178) 19.2 ± 0.3 
IQ (Woodcock-Johnson BIA standard score) 107.5 ± 1.01 
KTEA-II Math Composite (standard score) (n=179) 
 
107.2 ± 1.2  
KTEA-II Reading Composite (standard score) 
 
108.8 ± 1.4 
KTEA-II Reading Fluency Composite (standard score)  
 
107.9 ± 1.2 
KTEA-II Written Language Composite (standard score) (n=180) 
 
105.6 ± 1.2 
KTEA-II Overall Achievement Composite (n=179) 107.2 ± 1.2 
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Spatial Reconstruction Task 
A subset of participants (N=40, 25 female) completed a computerized spatial 
reconstruction task designed to assess hippocampal-dependent relational memory (see Figure 
3.1). Each participant viewed a standardized instruction video prior to beginning the practice 
phase of the task. The task began with a practice block consisting of three trials followed by 
three blocks, each consisting of 12 study-test trials, for a total of 36 total trials. The stimuli in 
this task consisted of 195 visually distinct creatures created in Spore Creature Creator (Electronic 
Arts Inc.) and presented using Presentation software (NeuroBS).  
During each study-test trial, the participant viewed a five-creature array for 20 seconds. 
The study period was immediately followed by a 4-second fixation period, after which the 
previously viewed creatures reappeared aligned at the top of the screen. The participant was 
instructed to use the mouse to click and drag each creature to reconstruct the display they had 
previously studied. The reconstruction portion of each trial was self-paced and the participant 
was encouraged to move on to the next trial only once they were satisfied with their 
arrangement. Spatial reconstruction performance was assessed using many of the same metrics 
employed by Watson et al. (Watson et al., 2013) in a similar spatial reconstruction task. These 
metrics consisted of four measures of reconstruction error (see Figure 3.1): (1) item 
misplacement (distance between the geographic centers of an item’s studied and reconstructed 
locations, measured in pixels), (2) edge resizing (the change in the straight-line distance between 
a pair of items at study and reconstruction, measured in pixels), (3) rearrangement (the frequency 
of categorical changes in shape of the studied items) and (4) swaps (categorized as a change in 
the signs of both the X and Y coordinates of the vector representing the spatial relationship 
between a pair of creatures; i.e. a transposition of a pair of items in space, indicative of a failure 
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in item-location binding) (Lucas et al., 2016; Watson et al., 2013). While each of the error types 
can be considered a relational memory error, swaps have previously demonstrated a unique 
sensitivity to hippocampal integrity in patients with hippocampal damage (Pertzov et al., 2013; 
Watson et al., 2013) as well as healthy young (Schwarb, Johnson, McGarry, & Cohen, 2016) and 
older adults (Monti et al., 2015). For each participant, these error metrics were obtained by 









Figure 3.1. Spatial reconstruction trial design. 
 
Object Discrimination and Distribution (ODD) Task 
Participants completed a computerized task designed to assess their ability to 
discriminate between perceptually similar objects and reconstruct spatial arrays involving these 
objects.  The stimuli for this task were presented using Presentation software (NeuroBS) and 
were comprised of a large set of morph images that were generated by applying an algorithm 
(Shelton, 2000) to three cat and three dog prototype images (see Figure 3.2a). Every 
combination of cat and dog prototypes was utilized, resulting in nine distinct stimulus sets 
(hereafter referred to as “morph-lines”), each containing sixteen stimuli, including the cat and 
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dog prototypes from which the morph-line was generated (see Figure 3.2b). All morph images 














Figure 3.2. (a) Schematic of the stimuli used in the spatial reconstruction and object 
discrimination task and (b) example of one of the nine morph-lines used in the task. 
 
Participants first completed a familiarization task designed to expose them to all of the 
morph stimuli. For this task, participants were presented with a morph-line that had been 
arranged in a randomized array in the center of the screen. Around the outside of the screen were 
16 empty boxes corresponding to the 16 morphs, with a ‘Cat’ label at one end and a ‘Dog’ label 
at the opposite end.  Participants were instructed to click on the morph images one-at-a-time and 
place them in the empty box corresponding to the position of the selected morph within the 
morph-line. Participants were only permitted to place a morph if they clicked on its correct 
position and were encouraged to continue guessing until they clicked on the correct box. This 
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process was repeated until all morphs from the morph-line were placed in their correct positions, 
at which point the participant was permitted to study the correct arrangement for as long as they 
wished before proceeding to the next trial. Once the participant had correctly arranged all nine 
morph-lines, the familiarization task ended. 
Following familiarization participants completed 36 study-test trials. Two types of trials 
were included in this task: morph-provided trials and location-provided trials. These trials were 
blocked so that participants completed 18 consecutive trials of each type, and block order was 
counterbalanced across participants. The study phase remained the same across both trial types: 
participants studied four morphs arranged within a 4×4 grid in the center of the screen, four of 
which contained morphs, for eight seconds. The spatial configuration of the morphs on any given 
trial was drawn from a list of 36 unique spatial configurations that was designed to ensure that 
each spatial location within the grid was used equally across the 36 trials and that no spatial 
configurations were particularly memorable (e.g. four-in-a-row, L-shaped arrangements, etc.). 
Each participant viewed the same 36 spatial configurations, but the order in which these 
configurations were presented was randomized across participants. Within a given trial, the four 
studied morphs were all drawn from the same morph-line (a fact participants were made aware 
of) and were evenly spaced for maximum discriminability (a fact that was not divulged to 
participants). Each morph-line was therefore used four times across the 36 trials, and assignment 
of morph-lines to trials was randomized for each participant. Participants were instructed to 
carefully study the display and try to remember where each morph was presented. Following 
each study period, participants viewed a fixation display for 500 milliseconds before proceeding 
to a self-paced test phase (see Figure 3.3).  
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Morph-provided trials were designed to assess participants’ spatial reconstruction 
performance. For the test phase of these trials, the four studied morphs were presented at the 
bottom of the screen below the empty grid, and participants were instructed to place each morph 
into its studied location (Figure 3.3a). Participants were free to place the four morphs into any of 
the 16 locations within the grid and could rearrange items as much as they pleased before 
choosing to move on to the next trial. Reconstruction performance on morph-provided trials was 
assessed using some of the same metrics employed by Watson et al. (Watson et al., 2013) and 
described above, including spatial misplacement (using Euclidean distance) and swaps, which 
were defined in this case as any rearrangement error which produced a vector between two items 
that was reflected across both the x- and y-axes relative to its orientation during study. 
Additional metrics included ‘location hits’ (instances in which a morph was placed in its exact 
studied location) and ‘correct location selection’ (encompassing location hits but also including 
instances in which the participant placed a morph in the studied location of a different morph). 
Location-provided trials were designed to assess participants’ ability to discriminate 
between the highly similar morphs within a morph-line. For the test phase of these trials, 
participants were presented with the entire morph-line from which the four studied morphs were 
drawn and were prompted to select the four morphs they had studied and place them into their 
studied locations (Figure 3.3b). The morph-line was arranged in a randomized order to prevent 
participants from potentially recognizing the even spacing of the studied morphs. Unlike morph-
provided trials, in which participants were permitted to place a morph into any one of the 16 
locations within the grid, the four grid locations that had contained morphs at study were 
outlined in red for location-provided test trials, and participants were only permitted to place 
morphs into these four locations. Participants were permitted to make as many changes to their 
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morph selection and positioning as they wished before moving on to the next trial. As with the 
morph-provided condition, ‘hits’ within the location-provided condition referred to instances in 
which the correct morph was selected and placed in its studied location. The ‘correct morph 
selection’ metric included object hits in addition to instances in which a correct morph selection 
was made but the morph was not placed in its studied location, and morph-dimension 
misplacement provided a measure of the distance in the morph-dimension between the studied 











Figure 3.3 (a) Depiction of morph-provided trials and (b) location-provided trials. 
 
Mnemonic Similarity Task (MST) 
 The MST, previously named the Behavioral Pattern Separation Task – Object Version 
(BPS-O), has been employed in a number of previous studies (Clemenson & Stark, 2015; 
Kirwan & Stark, 2007; Stark et al., 2013). The stimuli for this task consisted of 192 color 
photographs of everyday objects displayed on a white background. The task itself consisted of 
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two phases. In the encoding phase of the task, participants viewed 128 objects one-at-a-time and 
were instructed to make an indoor/outdoor judgment for each object via button press. Objects 
were presented on the screen for 3500 msec with an inter-stimulus interval (ISI) of 500 msec 
(Figure 3.4). The second phase of the task was administered immediately following the 
completion of the encoding phase. In this test phase, participants viewed 192 objects and were 
instructed to identify each object as “Old”, “Similar”, or “New” via button press. Test conditions 
(trial duration and ISI) were identical to encoding conditions. Of the 192 objects tested, 64 
objects were exact repetitions of studied items (targets), 64 objects were items not seen during 
encoding (foils), and 64 objects were similar to items seen during encoding (lures). The two most 
often examined measures from this task include a lure discrimination index (LDI) and object 
recognition memory. While there is no evidence that the recognition memory measure is 
sensitive to hippocampal function, the LDI has proven sensitive to age-related alterations in 
hippocampal function (Stark et al., 2013) and is selectively impaired in instances of hippocampal 
damage (Brock Kirwan et al., 2012). Consistent with Stark et al. (Stark et al., 2013),  the LDI 
was calculated by subtracting the rate of “similar” responses to foils from the rate of “similar” 
responses to lures, while object recognition memory performance was calculated by subtracting 
the rate of “old” responses to foils from the rate of “old” responses to targets. These subtractions 




















Figure 3.4. Mnemonic Similarity Task (MST). 
Academic Achievement 
 
 Academic achievement was assessed using the Kaufman Test of Academic and 
Educational Achievement (KTEA-2) (Kaufman & Kaufman, 2014). This standardized battery 
included tests of mathematics (math concepts & applications and math computation subtests), 
reading (letter & word recognition and reading comprehension subtests), reading fluency (word 
recognition fluency and decoding fluency subtests), and written language (written expression and 
spelling subtests). All scores presented here represent standard scores obtained using age-based 
norms. A composite score for each domain (mathematics, reading, reading fluency, and written 
language) was created by combining the subtest scores for that domain, and the four domain 
composite scores were combined to create a composite measure of overall achievement. 
Statistical Analysis  
We first conducted bivariate correlations between relational memory and pattern 
separation measures of interest and academic achievement measures. Following identification of 
relevant demographic and health covariates, we computed partial correlations between the main 
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variables of interest, controlling for these covariates. All statistical analyses were conducted 
using SPSS Statistics version 24.0 (IBM Inc., Armonk, NY).  
 
Results 
 Academic achievement and item discrimination performance 
 Using a paired-samples t test, we determined that participants’ recognition memory 
performance was significantly better than their behavioral pattern separation performance on the 
MST. This finding is consistent with studies that have previously employed the task (Clemenson 
& Stark, 2015; Stark et al., 2013). Bivariate correlation analysis revealed that neither the 
recognition nor the pattern separation performance metrics of the MST were significantly 
associated with KTEA-2 composite measures of academic achievement (Table 3.2). Consistent 
with the results of the MST, item discrimination measures of the morph pattern separation task 
were not significantly associated with measures of academic achievement (Table 3.2).  
Table 3.2. Bivariate correlations (Pearson’s r) between academic achievement and object 





ODD Task: Location-provided Trials 
Item Hits Correct Items 
Used 
Misplacement 
in item space 
Reading 
Composite .046 .131  .140  -.002  -.039  
Reading Fluency 
Composite .042  .108  .069  .033  -.051  
Written Language 
Composite .072 .109 .067  -.038  -.132  
Mathematics 




.030  .120 .139  -.041  -.135  
*p<.05 (two-tailed) 
Spatial reconstruction performance and academic achievement 
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 We examined the relationship between spatial reconstruction performance and academic 
achievement by conducting bivariate correlations between error metrics on the 5-creature spatial 
reconstruction task (misplacement, edge resizing, rearrangement, and swaps) and KTEA-2 
composite measures.  
The same associations between academic achievement and measures of spatial 
reconstruction ability were present for the morph-provided condition of the morph pattern 
separation task (which strongly resembles the 5-creature spatial reconstruction task in its design). 
Specifically, location hits and correct location selection were positively associated with KTEA-2 
written language, mathematics and overall achievement composite measures, while 
misplacement was negatively associated with these composite measures and was additionally 
associated with reading performance (r=-.165 p<.05) (Table 3.3).  
Table 3.3. Bivariate correlations (Pearson’s r) between academic achievement and spatial 
relational memory. n=40 (for 5-creature spatial reconstruction task) and n=165 (for ODD task). 
 5-Creature Spatial Reconstruction Task ODD Task: Morph-provided Trials 
 Mispl. Edge 
resizing 












-.396* -.402* -.371* -.507** .163* .218** -.168* 
Mathematics 




-.492** -.515** -.451** -.587** .187* .204** -.196* 
*p<.05   **p<.01 (two-tailed) 
 
To determine whether the significant associations between relational memory 
performance and academic achievement could be explained by demographic and health 
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variables, including age, sex, SES, VO2max, and BMI, we conducted bivariate correlations, t-
tests, and single-factor ANOVAs (where appropriate) to determine whether any of these factors 
were related to the academic achievement measures of interest. The mathematics composite 
measure was significantly related to age (r=-.204, p<.01), sex (t=-2.319, p<.05), SES (F=3.239, 
p<.05), VO2max percentile (r=.266, p<.001), and BMI (r=-.295, p<.001). Additionally, the 
writing composite measure was significantly associated with age (r=-.166, p<.05) and BMI (r=-
.174, p<.05), and overall achievement was significantly related to BMI (r=-.204, p<.01). We 
therefore controlled for age, sex, SES, VO2max, and BMI in our subsequent partial correlation 
analysis. 
 After controlling for the covariates listed above, spatial reconstruction measures for both 
the 5-creature spatial reconstruction task and the morph-provided condition of the morph pattern 
separation task remained significantly associated with academic achievement measures within 
the domains of writing and mathematics, as well as overall achievement (Table 3.4).  
Table 3.4. Partial correlations between academic achievement and spatial relational memory. 
n=40 (for 5-creature spatial reconstruction task) and n=165 (for the ODD task) 2-tailed. 
 Spatial Reconstruction Task ODD Task: Morph-Provided Trials 
 Mispl. Edge 
resizing 












-.398* -.418* -.389* -,499** .132  .201* -.146  
Mathematics 




-.421* -.411** -.425* -.498** .212** .235** -.204* 




The results of this study indicate that preadolescents’ performance on tasks designed to 
assess spatial relational memory is associated with their performance on a standardized 
assessment of academic achievement, particularly within the mathematics and written language 
domains. This relationship remained significant after controlling for factors previously shown to 
be related to academic achievement, including age, sex, SES, VO2max, and BMI. This same 
association was not observed for measures of object pattern separation, which were not 
significantly associated with academic achievement measures. This study is among the first to 
explore the relationship between performance on tasks reflective of hippocampal function and 
academic achievement, which is frequently purported to depend critically on the hippocampus.  
 Given that the relational memory (Schwarb et al., 2016) and pattern separation (Bakker, 
Kirwan, Miller, & Stark, 2008; Stark et al., 2013) tasks employed in the current study have both 
demonstrated sensitivity to hippocampal function, we were somewhat surprised that relational 
memory performance, but not pattern separation performance, was significantly associated with 
academic achievement. One possible explanation for this is that the MST was not sufficiently 
challenging for participants. Because the hippocampus is still developing during childhood, we 
expected that preadolescents’ pattern separation performance would resemble that of older 
adults. However, participants’ behavioral pattern separation performance was more consistent 
with what has previously been reported for young adults (Stark et al., 2013). It may also be 
possible that the behavioral pattern separation and recognition measures provided by the MST 
are not sufficiently fine-grained to capture variability in hippocampal function in this age group, 
although even if that were the case, we may have expected to find associations between 
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academic achievement and higher resolution measures of object discriminability provided by the 
morph pattern separation task, and we did not observe this.  
 It is also striking that while relational memory performance was significantly associated 
with overall academic achievement, this association was primarily driven by the written 
language and mathematics domains of the KTEA-2. This suggests that there may be a greater 
demand placed on relational processing in these two domains. The written language domain 
assesses written expression in a storybook format that encourages participants to generate unique 
dialogue and captions for a story and scores their responses according to their subject matter, 
organization, and logical flow of ideas (Vladescu, 2007). This emphasis on generation and 
synthesis of novel material is reminiscent of creativity tasks, which are known to require the 
hippocampus (Duff et al., 2013). Within the mathematics domain, participants are required to 
perform mental manipulation of numerical information, which requires the kind of flexible 
relational processing often attributed to the hippocampus. The findings of the current study with 
respect to mathematics achievement are consistent with a broader literature in which health 
factors known to affect the hippocampus, including aerobic fitness and adiposity, are associated 
with math ability across multiple forms of assessment (Castelli et al., 2007; Davis & Cooper, 
2011; Moore et al., 2014).  
 While the results of the current study are promising, we must note the limitations of the 
study design. Although the relational memory and pattern separation tasks we employed have 
been previously linked to hippocampal function in adults using neuroimaging methods, we do 
not know for certain that the strategies employed by preadolescent children would require the 
hippocampus in the same way, and future work should incorporate functional and structural 
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magnetic resonance imaging to determine whether hippocampal structure or function plays a 
mediating role in the relationship between relational memory and academic achievement.  
 In conclusion, this study is among the first to explore what role relational processing, a 
function of the hippocampus, may play with respect to academic performance. Our results offer 
evidence of a link between performance on relational memory tasks used in the laboratory and a 
standardized assessment of academic achievement often used in the classroom and confirms the 
relevance of relational memory tasks as important tools in the arsenal of researchers studying the 
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Researchers have taken a number of different approaches in their exploration of 
hippocampal function. One approach seeks to describe hippocampal function by probing the 
memory representations that the hippocampus supports. Another approach focuses on the 
hippocampus’s role in pattern separation and completion. Each of these approaches to 
understanding hippocampal function utilizes a distinct set of specialized tasks, and both of these 
task sets are known to be sensitive to changes in hippocampal function with age and disease 
status (Watson et al., 2013; Stark et al., 2013). But the question remains whether the tasks 
utilized in these two approaches tapping into the same aspects of hippocampal function? We 
explored this question in the context of hippocampal development. Preadolescent children (N = 
73) and young adults (N = 41) completed an identical battery of cognitive tasks consisting of a 
spatial relational memory task, an object-based pattern separation task, and a novel task designed 
to integrate and simultaneously assess mnemonic discrimination and spatial relational memory. 
Children did not demonstrate impaired pattern separation ability relative to young adults on the 
object-based pattern separation task, but performed more poorly across the relational memory 
and integrated tasks. 
 
Introduction 
In recent decades, much work has been done to improve our understanding of the 
organization of brain systems that support memory. One structure that lies at the heart of these 
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memory systems is the hippocampus. But while there is nearly universal agreement when it 
comes to the importance of the hippocampus for functioning in daily life, there remain 
substantial debates within the field regarding the specific functions of the hippocampus. 
One approach to understanding the role of the hippocampus is to characterize the nature 
of the representations it supports. This is an approach taken by proponents of relational memory 
theory, which posits that the hippocampus is responsible for representing the relations amongst 
the constituent elements of an experience and flexibly reactivating these relations when needed 
to guide behavior (Konkel, Warren, Duff, Tranel, & Cohen, 2008; Wang, Cohen, & Voss, 2014). 
The initial evidence for hippocampal involvement in relational memory came from studies 
involving the famous patient H.M., who experienced profound amnesia following bilateral 
temporal lobe resection (Scoville & Milner, 1957), and subsequent studies involving individuals 
with hippocampal lesions have provided evidence of hippocampal involvement in all memory for 
all manner of relations, including spatial, temporal, and associative relations (Konkel et al., 2008; 
Watson, Voss, Warren, Tranel, & Cohen, 2013). Complementary work in healthy young adults  
has produced evidence of hippocampal activity during relational processing (Hannula & 
Ranganath, 2008) and revealed associations between performance on relational memory tasks 
and structural measures of hippocampal integrity (DeMaster, Pathman, Lee, & Ghetti, 2014; 
Schwarb, Johnson, McGarry, & Cohen, 2016). 
 There is also extensive evidence from the rodent and human literature implicating the 
hippocampus, specifically the dentate gyrus and CA3 subfields, in the process of pattern 
separation (Bakker, Kirwan, Miller, & Stark, 2008; Kesner, 2013; Leutgeb, Leutgeb, Moser, & 
Moser, 2007; Rolls, 2013; Sahay et al., 2011). Pattern separation in the context of memory refers 
to the process by which highly similar memory inputs are orthogonalized to create distinct 
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representations and minimize interference (McClelland, McNaughton, & O’Reilly, 1995; Yassa 
& Stark, 2011). Evidence for hippocampal involvement in pattern separation comes from the 
rodent literature (Leutgeb et al., 2007) as well as fMRI studies in healthy young adults (Bakker et 
al., 2008; Lacy, Yassa, Stark, Muftuler, & Stark, 2011) and older adults with and without 
cognitive impairment (Yassa, Lacy, et al., 2010; Yassa, Stark, et al., 2010; Yassa, Mattfeld, 
Stark, & Stark, 2011). This approach to characterizing hippocampal function has resulted in the 
development of pattern separation tasks, which commonly assess memory for highly similar 
objects and produce behavioral measures that are believed to reflect pattern separation ability 
(Stark, Yassa, Lacy, & Stark, 2013). These tasks are widely used to investigate questions 
pertaining to hippocampal dysegulation in healthy and pathological aging (Stark & Stark, 2017; 
Stark et al., 2013; M. A. Yassa, Lacy, et al., 2010). But while pattern separation tasks have 
consistently proven to be sensitive to changes in hippocampal function with aging and disease, 
these types of tasks have not typically been employed in study of hippocampal development and 
it is unclear whether they would have the same sensitivity at the other end of the lifespan. 
The goal of the present study was to examine the relationship between the relational 
processing and pattern separation approaches to assessing hippocampal function by determining 
whether the tasks associated with each are equally sensitive to hippocampal development.  Given 
the evidence that hippocampal development extends into adolescence (Gogtay et al., 2006), we 
may expect that preadolescent children would perform more poorly than young adults when 
presented with identical tasks, and, furthermore, if performance on both mnemonic 
discrimination tasks and relational memory tasks relies upon the same underlying hippocampal-
dependent cognitive processes, we would expect to see consistent differences between children 
and adults across both types of tasks. However, if these two classes of tasks capture different 
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aspects of hippocampal function, we would expect to observe inconsistencies in age-related 
differences in performance across tasks. This is particularly likely if these tasks recruit separate 
sub-regions of the hippocampus, given the growing body of evidence of the heterogeneity of 
hippocampal morphological development during childhood (Daugherty, Flinn, & Ofen, 2017; 




Participants in this study were healthy preadolescent children (N=73; 43 female) between 
the ages of 8 and 10 years and healthy young adults (N=41; 29 female) between the ages of 18 
and 34 years recruited from an East-Central Illinois community (for demographic characteristics 
of the sample, see Table 4.1). All young adult participants provided written informed consent, in 
accordance with the regulations of the University of Illinois Institution Review Board. All child 
participants provided written assent and each child’s legal guardian provided written informed 
consent in accordance with the regulations of the University of Illinois Institutional Review 
Board. 
Table 4.1 
Demographic Characteristics of the Study Sample 
 Children Young adults 
Sex  n (%) 
     Female 46 (55%) 29 (71%) 
     Male 38 (45%) 12 (29%) 
Age (years)  Sample Mean ± SE 
 8.9 ± 0.09 21.4 ± 0.47 
 Range 
 7 – 12  18 – 29  
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Object Discrimination and Distribution (ODD) Task 
Participants completed a computerized task designed to assess their ability to 
discriminate between perceptually similar objects and reconstruct spatial arrays involving these 
objects.  The stimuli for this task were presented using Presentation software (NeuroBS) and 
were comprised of a large set of morph images that were generated by applying an algorithm 
(Shelton, 2000) to three cat and three dog prototype images (see Figure 4.1a). Every 
combination of cat and dog prototypes was utilized, resulting in nine distinct stimulus sets 
(hereafter referred to as “morph-lines”), each containing sixteen stimuli, including the cat and 
dog prototypes from which the morph-line was generated (see Figure 4.1b). All morph images 















Figure 4.1. (a) Schematic of the stimuli used in the ODD Task and (b) example of one of the 
nine morph-lines used in the task. 
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Participants first completed a familiarization task designed to expose them to all of the 
morph stimuli. For this task, participants were presented with a morph-line that had been 
arranged in a randomized array in the center of the screen. Around the outside of the screen were 
16 empty boxes corresponding to the 16 morphs, with a ‘Cat’ label at one end and a ‘Dog’ label 
at the opposite end.  Participants were instructed click on the morph images one-at-a-time and 
place them in the empty box corresponding to the position of the selected morph within the 
morph-line. Participants were only permitted to place a morph if they clicked on its correct 
position and were encouraged to continue guessing until they clicked on the correct box. This 
process was repeated until all morphs from the morph-line were placed in their correct positions, 
at which point the participant was permitted to study the correct arrangement for as long as they 
wished before proceeding to the next trial. Once the participant had correctly arranged all nine 
morph-lines, the familiarization task ended. 
Following familiarization participants completed 36 study-test trials. Two types of trials 
were included in this task: morph-provided trials and location-provided trials. These trials were 
blocked so that participants completed 18 consecutive trials of each type, and block order was 
counterbalanced across participants. The study phase remained the same across both trial types: 
participants studied four morphs arranged within a 4×4 grid in the center of the screen, four of 
which contained morphs, for eight seconds. The spatial configuration of the morphs on any given 
trial was drawn from a list of 36 unique spatial configurations that was designed to ensure that 
each spatial location within the grid was used equally across the 36 trials and that no spatial 
configurations were particularly memorable (e.g. four-in-a-row, L-shaped arrangements, etc.). 
Each participant viewed the same 36 spatial configurations, but the order in which these 
configurations were presented was randomized across participants. Within a given trial, the four 
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studied morphs were all drawn from the same morph-line (a fact participants were made aware 
of) and were evenly spaced for maximum discriminability (a fact that was not divulged to 
participants). Each morph-line was therefore used four times across the 36 trials, and assignment 
of morph-lines to trials was randomized for each participant. Participants were instructed to 
carefully study the display and try to remember where each morph was presented. Following 
each study period, participants viewed a fixation display for 500 milliseconds before proceeding 
to a self-paced test phase (see Figure 4.2).  
Morph-provided trials were designed to assess participants’ spatial reconstruction 
performance. For the test phase of these trials, the four studied morphs were presented at the 
bottom of the screen below the empty grid, and participants were instructed to place each morph 
into its studied location (Figure 4.2a). Participants were free to place the four morphs into any of 
the 16 locations within the grid and could rearrange items as much as they pleased before 
choosing to move on to the next trial. Reconstruction performance on morph-provided trials was 
assessed using some of the same metrics employed by Horecka et al. (2017) and described 
above, including spatial misplacement (using Euclidean distance). Additional metrics included 
‘accurate single morph placements’ (instances in which a morph was placed in its exact studied 
location) and ‘correct locations used’ (encompassing location hits but also including instances in 
which the participant placed a morph in the studied location of a different morph). 
Location-provided trials were designed to assess participants’ ability to discriminate 
between the highly similar morphs within a morph-line. For the test phase of these trials, 
participants were presented with the entire morph-line from which the four studied morphs were 
drawn and were prompted to select the four morphs they had studied and place them into their 
studied locations (Figure 4.2b). The morph-line was arranged in a randomized order to prevent 
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participants from potentially recognizing the even spacing of the studied morphs. Unlike morph-
provided trials, in which participants were permitted to place a morph into any one of the 16 
locations within the grid, the four grid locations that had contained morphs at study were 
outlined in red for location-provided test trials, and participants were only permitted to place 
morphs into these four locations. Participants were permitted to make as many changes to their 
morph selection and positioning as they wished before moving on to the next trial. As with the 
morph-provided condition, ‘correct single morph placement’ on location-provided trials referred 
to instances in which the correct morph was selected and placed in its studied location. The 
‘correct morphs used’ metric included object hits in addition to instances in which a correct 
morph selection was made but the morph was not placed in its studied location, and morph-
dimension misplacement provided a measure of the distance in the morph-dimension between 












Figure 4.2. (a) Depiction of morph-provided trials and (b) location-provided trials. 
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Mnemonic Similarity Task (MST) 
 The MST, previously named the Behavioral Pattern Separation Task – Object Version 
(BPS-O), has been employed in a number of previous studies (Clemenson & Stark, 2015; 
Kirwan & Stark, 2007; Stark et al., 2013). The stimuli for this task consisted of 192 color 
photographs of everyday objects displayed on a white background. The task itself consisted of 
two phases. In the encoding phase of the task, participants viewed 128 objects one-at-a-time and 
were instructed to make an indoor/outdoor judgment for each object via button press. Objects 
were presented on the screen for 3500 msec with an inter-stimulus interval (ISI) of 500 msec. 
The second phase of the task was administered immediately following the completion of the 
encoding phase. In this test phase, participants viewed 192 objects and were instructed to identify 
each object as “Old”, “Similar”, or “New” via button press (Figure 4.3). Test conditions (trial 
duration and ISI) were identical to encoding conditions. Of the 192 objects tested, 64 objects 
were exact repetitions of studied items (targets), 64 objects were items not seen during encoding 
(foils), and 64 objects were similar to items seen during encoding (lures). Consistent with Stark 
et al. (Stark et al., 2013),  behavioral pattern separation performance was calculated by 
subtracting the rate of “similar” responses to foils from the rate of “similar” responses to lures, 
while recognition memory performance was calculated by subtracting the rate of “old” responses 
to foils from the rate of “old” responses to targets. These subtractions were done to correct each 


















Figure 4.3. Mnemonic Similarity Task (MST). 
 
Spatial Reconstruction Task 
All young adult participants and a subset of children (n=33) completed a computerized 
spatial reconstruction task designed to assess hippocampal-dependent relational memory (see 
Figure 4.4). Every participant viewed a standardized instruction video prior to beginning the 
first practice block of the task. The task began with two practice blocks, each consisting of three 
trials, followed by four five-trial study-test blocks for a total of 20 trials. During each trial, the 
participant viewed a five-stimulus array for 20 seconds. The set of stimuli was comprised of 195 
distinct creatures that were created in Spore Creature Creator (Electronic Arts Inc.) and presented 
using Presentation software (NeuroBS). The study period was immediately followed by a 4-
second fixation, after which the previously viewed creatures reappeared aligned at the top of the 
screen. The participant was instructed to use the mouse to click and drag each creature in an 
effort to reconstruct the display they had previously studied. The reconstruction portion of each 
trial was self-paced and the participant was encouraged to move on to the next trial only once 
they were satisfied with their object placements. Performance on this task was analyzed 
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according to the metrics described by Horecka et al. (2017). Specifically, global misplacement 
was first calculated as the distance (in pixels) between an object’s studied location and its 
reconstructed location. For a given trial, misplacement for each of the five objects were summed 
together, and misplacement was averaged across trials to create a composite misplacement 
measure for each participant. Following this, each object’s identity was temporarily removed and 
global transformations (scaling, rotation, and translation) were applied to identify shared error 
across all objects. By subtracting out this global error, we are better able to characterize accuracy 
of individual object placement. Accurate single item placement was defined as the placement of 
an object within a predetermined accuracy “window” represented as a circle around the studied 
location and was our primary measure of successful object-location relational binding for this 
task. We additionally examined accurate misassignment – an error characterized by the correct 
use of a studied location but incorrect object placement. 
An Eyelink 1000 eye tracker (SR Research, Ontario, Canada) was utilized to record 
participants’ eye movements during the study and reconstruction phases of the task (Figure 4.4). 
A desk-mounted padded chin rest was used in conjunction with the eye tracker to minimize 
participants’ head movement during data collection. Eye tracking was introduced during practice 
block 2 and utilized during all four subsequent blocks of the spatial reconstruction task. The eye 
tracker was calibrated at the beginning of the second practice block and at the start of each 
subsequent block and eye positions were recorded at a rate of 500 Hz. All task stimuli were 















Figure 4.4. Spatial reconstruction task trial design. Eye tracking was employed during the study 
and reconstruction phase of every trial. 
!
Statistical Analyses 
 Statistical analyses were conducted with SPSS Statistics 24.0 (IBM Inc., Armonk, New 
York).  We first compared behavioral performance between children and young adults across the 
three cognitive tasks using independent samples t tests where appropriate.  
  We focused on the study-time eye movement data from the 5-creature spatial 
reconstruction task in our analysis. For each trial, regions of interest (ROIs) were defined as the 
locations occupied by the 5 creatures on the screen, and participants’ viewing patterns were 
characterized with respect to these ROIs. We initially analyzed the overall duration of viewing to 
the display and to the collective ROIs using independent samples t tests. This was followed by 
analysis of more specific viewing behaviors, including the number of fixations made to ROIs and 





Mnemonic Similarity Task (MST) 
 We assessed group differences between children and young adults across all three 
cognitive tasks using independent samples t-tests. Consistent with other studies that have 
employed the Mnemonic Similarity Task (MST) in healthy individuals (Stark et al., 2013), lure 
discrimination performance was significantly lower than recognition memory performance for 
both groups. While there was no significant difference in performance on the lure discrimination 
dimension of the MST between children and young adults, children’s recognition performance 
on this task was significantly lower than young adults’ (p<.05) (Figure 4.5A). To understand the 
origin of the recognition performance deficit in children, we examined the respective 
components of the recognition memory measure – “Old” responses to previously seen (“Target”) 
objects and “Old” responses to novel (“Foil”) objects. Children were significantly less likely to 
produce an “Old” response when presented with a Target and significantly more likely to 
produce an “Old” response when presented with a Foil, both of which contributed to their poorer 
recognition performance. (Figure 4.5B) There were no significant group differences in the 
proportion of “Similar” responses to slightly altered (“Lure”) objects or “Similar” responses to 
Foils, which was unsurprising given the lack of a significant difference in lure discrimination 





















Figure 4.5. (a) Performance on the Mnemonic Similarity Task (MST) for children and young 
adults. (b) Response differences between the two groups. Error bars represent ± one standard 
error of the mean. 
 
ODD Task 
Group differences also emerged for the ODD Task, with young adults significantly 
outperforming children across both task conditions (morph-provided and location-provided) 
(Table 4.2 and Figure 4.6). Specifically, young adults demonstrated greater ability to 
successfully bind objects to locations (“Accurate single morph placements”) in both the morph-
provided (p<.001) and location-provided (p< .001) conditions. Young adults also averaged 
significantly more correct locations used per trial within the morph-provided condition (p < 
0.001). Consistent with the findings for the MST, children were not significantly impaired 
relative to young adults at discriminating between objects when selecting the morphs to use in 
the location-provided condition (p = 0.529) (Figure 4.6A). On both task conditions, children had 






Table 4.2. Behavioral accuracy for the ODD Task. 













Accurate single morph 
placements 0.767 1.027 -4.986 <.001 
Correct locations used 2.786 3.576 -8.717 <.001 
Misplacement (grid 













Accurate single morph 
placements 0.426 0.672 -6.442 <.001 
Correct morphs used 1.036 1.061 -0.632 .529 
Misplacement (morph 


















Figure 4.6. Performance on the ODD Task. Error bars represent ± one standard error of the 
mean. 
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5-Creature Spatial Reconstruction Task 
 
The spatial reconstruction task, which utilizes performance metrics similar to those 
employed by the ODD Task, ODD Task, young adults exhibited significantly greater successful 
relational binding of object to location (“Accurate single item placements”) relative to children 
(p < 0.001) and smaller global object misplacement (p < 0.001) (Figure 4.7). On average, 
children committed significantly more “accurate misassignments” - an error in which a studied 
location is used at reconstruction but the identity of the object placed in that location is 
inconsistent with the studied display (i.e. correct location with incorrect object) (p < 0.001). The 
global transformation errors for this task (rotation, scaling, and translation) also exhibited age-
related differences (Figure 4.8). Children had significantly larger global translation and rotation 



















Figure 4.7. Performance on the 5-creature spatial reconstruction task. Error bars represent ± one 













Figure 4.8. Global transformation metrics for the 5-creature spatial reconstruction task 
5-Creature Spatial Reconstruction Task: Eye Movement Data 
 We first sought to determine whether any group differences existed for overall study-time 
viewing for the 5-creature spatial reconstruction task. We compared total viewing duration for 
children and adults, both to the overall display and to the specific ROIs, using independent 
samples t tests and found no significant group differences for either measure (Figure 4.9). We 
next examined the total number of fixations participants made, both to the overall display and to 
ROIs. Young adults made significantly more fixations per trial, both to the overall display 
(t(64)=2.56 ; p=.013) and to all ROIs (t(64)=2.90 ; p=.005) (Figure 4.10). Given this finding, it 
was unsurprising that young adults also made significantly more transitions per trial than 
children (t(64)=3.77 ; p<.001) (Figure 4.11). Both children and adults distributed their fixations 
evenly across the first and last halves of the trial (evidenced by the approximately equal number 


















Figure 4.9. Duration of viewing time allocated during study (20,000 msec) to the whole screen 
(including empty space) and the collective ROIs. There were no significant differences in 
viewing duration between children and young adults. Error bars represent ± one standard error of 





















Figure 4.10. Number of fixations made during the study phase of the spatial reconstruction task. 
Young adults made significantly more fixations per trial, both to the overall display and to the 























Figure 4.11. Number of transitions made during the study phase of the spatial reconstruction 
task. Young adults made more transitions per trial than children, and these transitions were 
evenly distributed across the study period for both groups. Error bars represent ± one standard 
error of the mean. 
 
 
 Given the group differences in the number of ROI fixations, we followed up our initial 
analyses by conducting bivariate correlations within each group to determine whether the 
number of ROI fixations were associated with task performance. Among young adults, we 
observed no significant association between the number of ROI fixations per trial and task 
performance. However, among children, the number of ROI fixations was significantly 
positively associated with successful relational binding (“Accurate Single Item Placements”) and 
significantly negatively associated with global misplacement (Figure 4.12), indicating that 
children who made more fixations to ROIs during the study period tended to perform better on 



















Figure 4.12. Scatterplots depicting the associations between ROI fixations during study and 
errors on the 5-creature spatial reconstruction task. Statistical relations were determined using 




 In this study we probed the relationship between the mnemonic discrimination and 
relational memory approaches to understanding hippocampal function by examining 
performance differences between children and adults on tasks designed to assess mnemonic 
discrimination and relational memory. There were no significant differences in mnemonic 
discrimination performance between children and young adults for the MST (which used 
everyday objects) or the ODD Task (which used difficult-to-discriminate morph stimuli). 
However, consistent group differences emerged for the object-location relational binding 
components of the ODD Task and the Spatial Reconstruction Task, as well as for global 
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misplacement metrics of these tasks. First order analyses of participants’ study-time viewing 
behavior during the Spatial Reconstruction Task revealed that children and young adults 
employed different patterns of viewing, with young adults making a greater number of 
fixations\transitions during study relative to children. Furthermore, among children specifically, 
participants who made greater numbers of fixations during study tended to exhibit greater 
successful relational binding and lower overall object misplacement. 
The MST was developed to measure the mnemonic discrimination, the behavioral 
outcome of pattern separation, a process characterized by the ability to orthogonalize highly 
similar inputs to form distinct representations (McClelland et al., 1995; Rolls, 2013) that has 
previously been attributed to the dentate gyrus of the hippocampus (Aimone, Deng, & Gage, 
2011; Johnston, Shtrahman, Parylak, Gonçalves, & Gage, 2016). The task simultaneously 
measures mnemonic discrimination (the ability to identify lure objects as similar, but not 
identical to, objects represented in memory) and recognition memory (the ability to identify 
repeated memory-represented objects as “old”). Previous studies using this task have identified 
age-related deficits in mnemonic discrimination with preserved recognition memory in 
neurologically healthy older adults (Stark et al., 2013), while pathological aging has been 
associated with deficits in both mnemonic discrimination and recognition memory (Stark et al., 
2013; M. A. Yassa, Lacy, et al., 2010). In older adults, mnemonic discrimination performance 
has been positively associated with the integrity of the perforant path (the primary input to 
dentate gyrus from the entorhinal cortex) (Yassa et al., 2011) and negatively associated with 
DG/CA3 hyperactivity (Yassa, Lacy, et al., 2010). More recent work has liked recognition 
memory to the DG structural integrity as well (Bennett, Stark, & Stark, 2018). Given evidence of 
continued structural development of the dentate gyrus during preadolescence (Daugherty, 
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Bender, Raz, & Ofen, 2016),  we initially expected that children might exhibit similar patterns of 
performance to older adults, with impairments in mnemonic discrimination and no significant 
deficit in recognition memory.  What we actually observed in our sample was that children’s 
mnemonic discrimination performance was not significantly different from young adults, but 
their recognition memory performance was significantly worse. Further investigation revealed 
that children made significantly fewer correct “old” responses to target (old) objects as well as 
more “old” responses to foil (novel) objects, both of which contributed to their impaired 
recognition memory performance. It is also important to note that performance on the 
recognition memory and mnemonic discrimination among the young adults in our sample is 
consistent with what has been observed previously (Stark et al., 2013), so the lack of significant 
group differences in mnemonic discrimination is not due to poor young adult performance. 
Like the MST, the ODD Task contained a mnemonic discrimination measure– the ability 
to correctly select studied morphs to use for reconstruction in the location-provided condition of 
the task (independent of correct morph placement). Children were not significantly different 
from young adults in their ability to correctly select studied morphs in the location-provided 
condition, extending the pattern of performance on the MST (which uses everyday objects) to a 
task using highly similar morph stimuli. In addition to the mnemonic discrimination demands of 
the ODD Task, this task also required participants to bind morphs to their studied locations. On 
this dimension of the task, consistent group differences emerged, with young adults significantly 
outperforming children. Specifically, young adults made significantly more accurate single 
morph placements (a measure of successful relational binding) and had significantly lower 
overall misplacement (a more global reconstruction measure). This pattern of performance was 
replicated in the 5-creature spatial reconstruction task, with young adults again averaging lower 
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overall misplacement and superior object-location relational binding. These findings are 
consistent with previous work demonstrating that relational memory continues to develop 
throughout childhood (Lee, Wendelken, Bunge, & Ghetti, 2016).  
We were able to utilize eye-tracking to characterize patterns of viewing during study in 
order to determine whether the behavioral differences we observed between children and adults 
were related to differences in study-time viewing behavior. While there were no significant 
differences in the amount of time participants spent viewing the screen as a whole or the ROIs 
specifically, adults made significantly more fixations to the entire display and to ROIs per trial 
relative to children. Among children specifically, greater numbers of fixations (to the display and 
to ROIs) were associated with superior reconstruction performance (i.e. with greater successful 
relational binding and lower overall misplacement). We expect that this relationship is not 
present in young adults due to their high performance (and relative lack of variability in 
performance) on this task. If the task conditions were more challenging (e.g. if the study display 
contained more than five creatures or study duration were shorter), we may see the association 
between study-time viewing and reconstruction performance among young adults. 
 While the current study has the power to characterize age-related differences in 
mnemonic discrimination and relational memory between children and young adults, the cross-
sectional nature of this study limits our ability to fully characterize the development of these 
processes from childhood to adulthood. Future studies employing a longitudinal design will 
prove capable of revealing the developmental trajectory for these related processes. It should also 
be noted that children’s impaired recognition memory performance may be due to perceptual 
deficits, and this point could be addressed had participants completed a visual perception task in 
addition to the tasks described here. However, this possibility seems remote, as we would expect 
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mnemonic discrimination performance to also be affected if children had perceptual 
impairments. Additionally, despite evidence linking the processes of mnemonic discrimination 
and relational memory to specific hippocampal structural and function attributes (Bakker et al., 
2008; Lacy et al., 2011; Schwarb et al., 2016), the present work did not employ neuroimaging 
and so cannot speak to differences in hippocampal connectivity, volume, or activation which 
may explain the relational memory differences between groups. Future work should employ 
neuroimaging in order to both investigate differences in hippocampal involvement across 
mnemonic discrimination and relational memory tasks as well as differences between children 
and adults.  
 In conclusion, the present study revealed age-related differences in spatial relational 
memory and recognition memory between adults and children, with no significant group 
differences in mnemonic discrimination. This work is among the first to simultaneously evaluate 
mnemonic discrimination and relational memory, processes shown to require the hippocampus, 
in the context of development, rather than aging. These results provide evidence of the 
interrelated nature of these task measures while simultaneously demonstrating that tasks which 
assess relational memory offer an enhanced sensitivity to hippocampal development relative to 
measures of mnemonic discrimination. These results have implications for future work 
investigating hippocampal development, as they suggest that relational memory tasks are more 
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CHAPTER 5: ADDED SUGAR AND DIETARY FIBER CONSUMPTION ARE 
ASSOCIATED WITH CREATIVITY IN CHILDHOOD4 
Abstract 
Creativity depends on the ability to combine existing mental representations in new ways 
and depends, in part, on the hippocampus. Hippocampal function is, in turn, is affected by a 
number of health factors, including aerobic fitness, excess adiposity, and diet. Specifically, in 
rodent studies, diets high in saturated fatty acids and sugar – hallmarks of a western diet– have 
been shown to negatively impact hippocampal function and thereby impair performance on 
cognitive tasks that require the hippocampus. Yet relatively few studies have examined the 
effects of diet on hippocampal-dependent cognition in children. The current study therefore 
sought to explore the relationship of several diet quality markers including dietary lipids 
(saturated fatty acids and omega-3 fatty acids), simple carbohydrates (added sugars), and dietary 
fiber with creativity in preadolescent children. Participants (N = 57; mean age = 9.1 years) 
completed the Verbal Form of the Torrance Test of Creative Thinking (TTCT), a standardized 
test of creativity. Additionally, participants completed a 3-day food intake record with the 
assistance of a parent, underwent dual energy x-ray absorptiometry (DXA) to assess central 
adiposity, and VO2max testing to assess aerobic fitness. Added sugar intake was negatively 
associated, and dietary fiber was positively associated with overall TTCT performance. These 
relationships were sustained even after controlling for key covariates. These findings are among 
the first to report an association between added sugar consumption and hippocampal-dependent 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4!This chapter has been submitted for publication and is referred to in this dissertation as “Hassevoort et 
al., submitted.” Full reference: Hassevoort, K.M., Lin, A.S., Khan, N.A., Hillman, C.H., Cohen, N.J. 
(submitted). Added sugar and dietary fiber consumption are associated with creativity in preadolescent 
children.!
! 114 
cognition during childhood and, given the key role of the hippocampus in learning and memory, 
have potential educational and public health implications. 
 
Introduction 
There is mounting cross-species evidence that nutrition plays a critical role in neural and 
cognitive function across the lifespan (Gómez-Pinilla, 2008; Prado & Dewey, 2014). The impact 
of diet on cognitive outcomes during the aging process, when the brain is particularly susceptible 
to oxidative damage, has long been a promising target of study. The consumption of a diet high 
in saturated fatty acids (SFAs) and refined sugar, the key components of the modern “Western” 
diet, is associated with cognitive decline (Greenwood & Winocur, 2005; Knopman et al., 2001; 
Stranahan et al., 2008) and the development of dementia (Kalmijn et al., 1997) in aged 
individuals. Critically, consumption of a Western diet appears to negatively impact cognition 
directly by inducing morphological and functional changes to key brain regions (Jacka, 
Cherbuin, Anstey, Sachdev, & Butterworth, 2015; Molteni, Barnard, Ying, Roberts, & Gómez-
Pinilla, 2002; Pistell et al., 2010) and indirectly by contributing to the development of systemic 
metabolic and cardiovascular pathology (Jurdak, Lichtenstein, & Kanarek, 2008; Kanoski & 
Davidson, 2011; Knopman et al., 2001; Stranahan et al., 2008).  
Similar to advanced aging, childhood represents a period in the lifespan when the brain 
appears to be highly susceptible to the influence of diet, as the brain continues to undergo 
developmental changes into adulthood during this period (Casey, Giedd, & Thomas, 2000). 
Furthermore, the evidence that dietary habits established during childhood continue into 
adulthood (Mikkilä, Räsänen, Raitakari, Pietinen, & Viikari, 2005) suggests that this may be a 
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critical period during which to implement dietary interventions aimed at improving cognitive 
outcomes across the lifespan.  
The majority of children living in the United States fail to meet federally established 
dietary guidelines and consume a diet characterized by an excess of added sugar and calories 
from SFAs (Krebs-Smith, Guenther, Subar, Kirkpatrick, & Dodd, 2010). This dietary pattern 
predisposes children to develop systemic conditions, including obesity and metabolic syndrome, 
associated with cognitive impairment in adulthood (Després et al., 2008; Jagust, Harvey, 
Mungas, & Haan, 2005; Yau, Castro, Tagani, Tsui, & Convit, 2012). Despite these 
circumstances, the relationship between dietary patterns and specific cognitive functions among 
children who are not clinically nutritionally deficient remains relatively unexplored. 
One brain region that is highly susceptible to modulation by diet is the hippocampus, 
possibly due to its high metabolic demand and its ability to undergo neurogenesis beyond the 
gestational period (Eriksson et al., 1998; Ming & Song, 2011). Rodents fed a diet high in refined 
sugar and saturated fat (comparable to the modern Western diet) experience reduced expression 
of brain-derived neurotrophic factor (BDNF) in the hippocampus, decreased neuronal plasticity 
and neurogenesis, and impairments in learning and memory (McNay et al., 2010; Molteni et al., 
2002; Stranahan et al., 2008). Given the protracted development of the hippocampus (Casey, 
Thomas, Davidson, Kunz, & Franzen, 2002; DeMaster, Pathman, Lee, & Ghetti, 2014; Gogtay et 
al., 2006; Lee, Ekstrom, & Ghetti, 2014), the effects of diet in this region may be particularly 
pronounced during childhood. Furthermore, the cognitive functions supported by the 
hippocampus, namely the ability to create and flexibility utilize the bindings between arbitrary 
constituents of an experience (Eichenbaum & Cohen, 2001; Konkel, Warren, Duff, Tranel, & 
Cohen, 2008), are critically important for children’s success within and outside of the classroom. 
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While the cognitive contributions of the hippocampus are perhaps best understood in the 
context of memory, a growing body of evidence implicates this region in performance across a 
variety of domains, including language (Duff, Hengst, Tranel, & Cohen, 2009; Rubin, Brown-
Schmidt, Duff, Tranel, & Cohen, 2011), decision-making (Gupta et al., 2009; Palombo, Keane, 
& Verfaellie, 2015),  and creativity (Duff, Kurczek, Rubin, Cohen, & Tranel, 2013; Warren, 
Kurczek, & Duff, 2016). Compelling evidence for hippocampal involvement in creativity comes 
from lesion studies in which individuals with damage to the hippocampus demonstrated 
profound impairments on tests of creative thinking, including the Torrance Test of Creative 
Thinking (TTCT) (Duff et al., 2013). Given the role of the hippocampus in creativity, tests of 
creative thinking, particularly those designed for use with children (like the TTCT), may be 
useful tools for understanding the associations between diet and hippocampal function during 
childhood. 
The goal of the current study was to investigate the relationship between diet and creative 
ability among preadolescent children, focusing on nutrients associated with a Western diet 
pattern (SFAs and added sugar), as well as nutrients like Omega-3 FAs and fiber, which are 
purported to positively impact hippocampal function and hippocampal-dependent cognition 
across the lifespan (Baym et al., 2014; Johnson, Chung, Caldarella, & Snodderly, 2008; Khan, 
Raine, Drollette, Scudder, Kramer, et al., 2015; Wu, Ying, & Gomez-Pinilla, 2011). We 
predicted that higher intake of SFAs and added sugar would be associated with lower 
performance on the TTCT, while consumption of Omega-3 FAs and fiber would be positively 






Participants in this study were children (N =57, 31 female) between the ages of eight and 
twelve years (mean age 9.1; s.d. 0.8) from an East-Central Illinois community (for additional 
demographic characteristics of the sample, see Table 5.1). Three participants were excluded 
from creativity-related analyses due to incomplete creativity data, leaving a total of 54 
participants in those analyses. Additionally, one participant did not complete aerobic fitness or 
body composition assessment and was therefore excluded from analyses involving those 
variables. Participants were recruited from a sample of children who recently completed or were 
currently participating in the larger randomized controlled Fitness Improves Thinking in Kids 
(FITKids2) Trial. Exclusion criteria included neurological or attentional disorders, physical 
disabilities that might prevent participation in the physical activity intervention, and 
psychoactive medication status (Hillman et al., 2014). All participants had normal or corrected-
to-normal vision. Intelligence quotient (IQ) was assessed for all participants using the 
Woodcock-Johnson Brief Intelligence Assessment (Woodcock, McGrew, & Mather, 2001). 
Socioeconomic status (SES) was measured according to a previously utilized trichotomous index 
based on (1) participation in free- or reduced-price meal program at school, (2) the number of 
parents who worked full-time, and (3) the highest level of education obtained by both parents 
(Birnbaum et al., 2002). Pubertal status was assessed using the Tanner Staging Scales (Taylor et 
al., 2001). Participants provided written assent and their legal guardians provided written 
informed consent in accordance with the regulations of the University of Illinois Institutional 
Review Board.  
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Table 5.1. Participant Demographics and Health Characteristics (N=57 unless indicated 
otherwise) 
Measure n (%) 
Sex  
       Female 34 (60%) 
       Male  23 (40%) 
Socioeconomic Status (n = 46)  
       Low 17 (30%) 
       Middle 26 (45%) 
       High  14 (25%) 
 Sample Mean ± SEM 
Age (years; range = 7.9 – 10.6) 9.1 ± 0.11 
Total Abdominal Adipose Tissue (cm2) (n=56) 169.35 ± 10.51 
Maximal Oxygen Consumption (ml ! kg-1
 
! min-1) (n=56) 42.83 ± 1.44 
 
Diet Assessment  
Participants completed a 3-day food record (encompassing 2 week days and 1 weekend 
day) with the assistance of a parent or guardian. Both parent and child received instructions on 
how to properly complete the 3-day food record and were provided with a booklet containing 
supplementary instructions for completing the food record, including how to describe food 
preparation methods, portion sizes, brand name products, and ingredients in mixed dishes and 
recipes. Participants were also instructed to report all beverage and supplement consumption. All 
food records were analyzed using Nutrition Data Systems-Research (NDSR 2014; Nutrition 
Coordinating Center, Minneapolis, MN, USA) software. Nutrient intake was averaged across the 
three days (see Table 5.2 for a summary of nutrient intake for the sample) and normalized to 
intake per 1000 kcal to create the measures used in subsequent analyses (Willett, Howe, & 




Aerobic Fitness Assessment 
Aerobic fitness was assessed using a graded exercise test, during which maximal oxygen 
consumption (VO2max) was measured via an indirect calorimetry system (True Max 2400; 
ParvoMedics, Sandy, UT). Participants completed a modified Balke protocol (American College 
of Sports Medicine, 2010). During testing, the heart rate of each participant was monitored 
constantly using a Polar heart rate monitor (Polar WearLink1 131, Polar Electro, Finland) and a 
measure of perceived exertion was attained every 2 minutes using the children’s OMNI scale of 
perceived exertion (Utter, Robertson, Nieman, & Kang, 2002). VO2max was based on 
accomplishing two of the following four criteria: (1) a heart rate within ten beats/min of the age 
predicted maximum, (2) a respiratory exchange ratio (the ratio between carbon dioxide and 
oxygen percentage) greater than 1.0, (3) a rating greater than eight on the children’s OMNI scale 
of perceived exertion, and/or (4) a plateau in VO2 despite an increase in workload.  
Traditional VO2max scores are calculated relative to an individual’s body weight (relative 
VO2max). The present investigation focused on fat-free VO2max, for which scores are calculated 
relative to an individual’s fat-free mass rather than total body weight to more effectively parse 
out the contributions of muscle and fat mass to the primary outcomes.  
Anthropometrics and Central Adiposity Assessment 
Participants’ height and weight were measured using a stadiometer (model 240; Seca, 
Hamburg, Germany) and a digital scale (WB-300 Plus; Tanita, Tokyo, Japan). These measures 
were used to obtain a body mass index (BMI) value for each participant. Each participant’s BMI-
for-age percentile was determined using the 2000 CDC growth charts (Kuczmarski et al., 2002) 
and this metric was used in subsequent analyses. 
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As previously described by Khan et al. (2015), central adiposity was assessed by dual-
energy absorptiometry (DXA) using a Hologic QDR 4500A bone densitometer (software version 
13.4.2; Hologic, Bedford, MA). Central adiposity was estimated using a measure of total 
abdominal adipose tissue (TAAT). The abdominal region of interest was a 5-cm-wide section 
placed across the entire abdomen level approximately coinciding with the fourth lumbar 
vertebrae on the whole-body DXA scan. TAAT was defined as the total adipose tissue (visceral 
and subcutaneous) within this region and was selected as the adiposity measure of interest 
because of previous work demonstrating a relationship between TAAT and cognitive 
performance in a similar sample of preadolescent children (Khan et al., 2015).  
Creativity 
Creativity was assessed using the verbal form of the Torrance Test of Creative Thinking 
(TTCT-Verbal Form A, STS Testing). The TTCT has long been used in studies of creativity 
(Cramond, Matthews-Morgan, Bandalos, & Zuo, 2005; Duff et al., 2013; Lissitz & Willhoft, 
1985) and its reliability and validity have been investigated on multiple occasions (Clapham, 
1998, 2004; Dixon, 1979; Kim, 2006; Torrance, 1972). The verbal form of the TTCT consists of 
six timed activities, each lasting 5-10 minutes, during which participants were required to ask 
questions and offer potential explanations for and consequences of a depicted event, develop 
ideas about how to improve a toy to make it more fun to play with, generate a list of unusual uses 
for a common object (in this case, a cardboard box), and list the hypothetical consequences of an 
improbable scenario (for instance, if clouds had strings attached to them which hung down to 
Earth).  For each activity, participants were prompted to list as many responses as they could 
during the allotted time. To ensure that writing speed and legibility did not limit performance on 
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the task, participants listed their responses to each prompt verbally and a trained experimenter 
recorded all responses in the TTCT response booklet.  
Booklets were scored by the Scholastic Testing Service (STS, Earth City, MO)  to ensure 
that all tests were scored consistently and without experimenter bias. Participants’ responses 
were scored along three dimensions: fluency (number of interpretable, meaningful, and relevant 
ideas), flexibility (number of different categories of relevant responses) and originality (number 
of statistically infrequent ideas) with higher scores indicating more uses of that skill in their 
answers. Scores were averaged across individual activities to create one composite score for each 
of the three dimensions. All scores reported here reflect age-based standard scores. 
Statistical Analyses 
The nutrients selected for analysis included those indicative of a modern Western diet 
(saturated fat and added sugar) as well as those previously implicated in cognitive function 
among children of this age including omega-3 fatty acids and dietary fiber (Baym et al., 2014; 
Khan, Raine, Drollette, Scudder, Kramer, et al., 2015). For each of the measures of interest, 
normality was confirmed (Shapiro-Wilk test) prior to further statistical analysis and, when 
necessary, data were log transformed to ensure a normal distribution. Bivariate correlations 
(Pearson’s r) were conducted between normalized nutrient intake and TTCT composite 
measures. These were followed by partial correlation analyses, controlling for participant 
characteristics identified as significant correlates of intake of the nutrients of interest. All 






Participant Characteristics and Nutrient Intake 
 Dietary intake data are reported in Table 5.2. Participants reported an average energy 
intake of ~1855 kcal, 52% of which were derived from carbohydrates, 33% from fat, and 15% 
from protein. 
Table 5.2. Mean daily nutrient intake among preadolescent children (N=57)  
Nutrient Value1 
Energy, kcal/d  1855.2 ± 54.0 
Carbohydrate, g/d 246.7 ± 8.9 
Fat, g/d 70.1 ± 2.3 
Protein, g/d 66.4 ± 2.0 
SFAs, g/d 24.6 ± 0.9 
Omega-3 FAs, g/d 1.41 ± 0.07 
Total dietary fiber, g/d 16.67 ± 0.99 
Added sugars, g/d 64.81 ± 3.71 
1Mean ± SEM 
Creativity Performance 
 Participants’ age-based standard scores on the Torrance Test of Creativity (TTCT) Verbal 
Form ranged from 62 to 153 for the fluency dimension, from 65 to 146 for the flexibility 
dimension, and from 72 to 155 for the originality dimension of the task. Participant performance 
across the three dimensions of the task is more fully summarized in Table 5.2. To further 
characterize TTCT performance, we examined the cross-correlations between the three task 
dimensions. All three dimensions were highly correlated (all Pearson’s r < 0.83), which was 
expected given the interrelated nature of the scoring criteria for each dimension.  
Table 5.3. Average TTCT Verbal Scores (N=54) 
 Age-based Standard Score  
Mean (SEM) 
Age-based National Percentile 
Mean (SEM) 
Fluency 106.83 (2.62) 60.44 (3.79) 
Flexibility 110.26 (2.31) 65.94 (3.46) 
Originality 114.52 (2.47) 70.76 (3.55) 
Average 110.33 (2.36) 67.43 (3.68) 
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Associations between Creativity and Nutrient Intake 
 We initially examined the relationship between nutrient intake and TTCT performance 
(age-based standard score) by conducting bivariate correlations (Table 5.3). Of the nutrients 
selected for analysis, only total dietary fiber and added sugars were significantly associated with 
TTCT performance. 
Table 5.4 
Bivariate correlations (Pearson’s r) between nutrient intake and TTCT Verbal score (Age-based 
standard score) (N=53) 
 Fluency Flexibility Originality Average 
SFAs (mg"kcal-1"d-1) -0.128 -0.016 -0.134 -0.100 
Omega-3 fatty acids 
(mg"kcal-1"d-1) 
0.177 -0.035 0.137 0.099 
Dietary fiber (mg"kcal-1"d-1) 0.242 0.278* 0.342* 0.295* 
Added sugars (mg"kcal-1"d-1) -0.332* -0.237 -0.333* -0.313* 
*p < .05   **p<0.01   (two-tailed); All nutrient measures have been normalized to intake per 
1000 kcal. 
 
To determine whether the observed associations of added sugar and fiber intake with 
creativity performance could be explained by demographic (age, sex, SES) or other health 
(aerobic fitness, BMI, and TAAT) factors, we conducted bivariate correlations, t tests, and one-
way ANOVAs, as appropriate between these measures and added sugar and fiber intake. TAAT 
was significantly associated with fiber intake (r=-.319 p=.017). There was also a significant 
difference in mean dietary fiber intake between SES levels (F(2,54) = 3.339, p = 0.042). A 
Tukey post hoc test revealed that dietary fiber intake was significantly lower in the ‘low’ SES 
group compared to the ‘middle’ SES group (p = 0.03), but there were no significant differences 
in dietary fiber intake between the ‘low’ and ‘high’ (p = 0.30) and ‘middle’ and ‘high’ SES 
groups (p = 0.72). We therefore controlled for both SES and TAAT in the subsequent partial 
correlation analyses. The results of the partial correlation analyses are reported in Table 5.5. 
These results demonstrate a similar pattern of results as the bivariate correlations, with 
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significant negative associations between creativity, specifically the fluency and originality 















Figure 5.1. Scatterplots depicting the associations between added sugar intake and TTCT 
performance. All statistics reflect bivariate correlations (Pearson’s r). 
 
Table 5.5 
Partial correlations (controlling for TAAT) between nutrient intake and TTCT Verbal score 
(Age-based standard score). (N=53) 
 Fluency Flexibility Originality Average 
Dietary fiber (mg"kcal-1"d-1) 0.230 0.246 0.355* 0.286* 
Added sugars (mg"kcal-1"d-1) -0.430** -0.344* -0.450** -0.427** 







 The current study is, to our knowledge, the first to examine the relationship between diet 
and creativity in healthy children. While consumption of dietary lipids (saturated fatty acids and 
Omega-3 fatty acids) was not significantly associated with creativity, children who consumed 
higher amounts of added sugar scored lower on a standardized creativity assessment relative to 
children who consumed lower amounts of added sugar, while the inverse relationship was 
observed with respect to dietary fiber. The associations between diet (added sugar and fiber 
consumption) and creativity remained significant even after accounting for central adiposity. 
This finding highlights the contribution of added sugar in predicting cognitive performance 
independent of the increase in adiposity that often accompanies consumption of a diet high in 
added sugar (Jurdak et al., 2008; Swinburn, Caterson, Seidell, & James, 2004; Vos et al., 2017). 
This result is also consistent with findings in animal models, in which the detrimental effects of a 
high-fat, high-sugar diet on hippocampal function and hippocampal-dependent learning and 
memory were observed prior to or independent of significant increases in BMI or adipose tissue 
accumulation (Kanoski & Davidson, 2010; Murray et al., 2009; Privitera, Zavala, Sanabria, & 
Sotak, 2011).  
 The role of nutrition and, in particular, individual nutrients in typical neurodevelopment 
has been increasingly investigated in recent years. Of the two major hallmarks of the Western 
diet (saturated fat and added sugar), saturated fat has received considerably more attention within 
this domain. While previous studies involving children have reported negative associations 
between saturated fat intake and hippocampal-dependent relational memory, as well as 
hippocampal-independent item memory (Baym et al., 2014), the evidence with respect to other 
cognitive domains has been mixed (Khan, Raine, Drollette, Scudder, Kramer, et al., 2015; Khan, 
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Raine, Drollette, Scudder, & Hillman, 2015a; Zhang, Hebert, & Muldoon, 2005). This ambiguity 
may be due in part to the variety in specificity of the dietary and cognitive assessments employed 
across studies, but also hints at the potential heterogeneity of the impact of saturated fat 
consumption across different brain regions or networks. While we were somewhat surprised that 
saturated fat consumption was not significantly associated with creativity performance in our 
sample, it must be noted that, while added sugar and saturated fat consumption tend to co-vary 
within pediatric and adolescent populations (Kant, 2003; Reedy & Krebs-Smith, 2010), this was 
not the case in our sample (Pearson’s r = -0.125; p = 0.353), which may explain the obtained 
results. With respect to dietary fiber, the findings presented here are consistent with previous 
work demonstrating a positive association between dietary fiber intake and cognitive function 
during childhood (Khan, Raine, Drollette, Scudder, Kramer, et al., 2015).  
  Associations between added sugar consumption and cognitive function have rarely been 
reported in humans of any age (Attuquayefio et al., 2016; Francis & Stevenson, 2011; Ye, Gao, 
Scott, & Tucker, 2011). However, the findings of this study converge with the rodent literature in 
this regard. Hsu et al. (2015) reported that the consumption of sucrose and high-fructose corn 
syrup were both associated with impaired hippocampal-dependent spatial learning and memory 
in adolescent rats, and additional studies have observed deficits in hippocampal-dependent 
learning and memory following consumption of a Western diet (characterized in part by large 
amounts of added sugar) (Davidson, Sample, & Kanoski, 2015; Hsu & Kanoski, 2014; Molteni 
et al., 2002; Stranahan et al., 2008). Strikingly, Noble et al. (2017) recently reported that added 
sugar consumption early in life resulted in long-term deficits in hippocampal-dependent memory 
that extended into adulthood.  
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While this study is among the first to report an association between added sugar 
consumption and hippocampal-dependent cognition in humans, there is clear mechanistic 
support for the association between added sugar consumption and hippocampal function within 
the animal literature. One mechanism by which the consumption of large quantities of added 
sugar impairs hippocampal function is via disruption of hormone signaling, both peripherally and 
within the hippocampus itself. The consumption of a Western diet (notably high in simple 
sugars) is a major contributor to the development of resistance to hunger and satiety hormones, 
including insulin, leptin, and ghrelin (Kanoski, Fortin, Ricks, & Grill, 2013; Münzberg, Flier, & 
Bjørbæk, 2004; Stranahan et al., 2008), which in turn can reduce the efficiency with which these 
hormones are taken up by the brain, as well as blunt intracellular signaling of these hormones 
within the hippocampus (Mielke et al., 2005; Woods, Seeley, Baskin, & Schwartz, 2003). Since 
the signaling systems involving these hormones promote hippocampal synaptic plasticity and 
neurogenesis (Diano et al., 2006; Park, Seeley, Craft, & Woods, 2000; Shanley, Irving, & 
Harvey, 2001; Shioda, Han, & Fukunaga, 2009; Stranahan et al., 2008), the hormonal resistance 
brought about by Western diet consumption is believed to be a major contributor to reductions in 
hippocampal plasticity and thereby hippocampal function (Biessels & Reagan, 2015; McNay et 
al., 2010; Morrison, Pistell, Ingram, Bruce-Keller, & Keller, 2010; Stranahan et al., 2008). This 
is borne out behaviorally by the impairments in hippocampal-dependent memory performance 
that accompany the development of insulin and ghrelin resistance (Pathan, Gaikwad, Viswanad, 
& Ramarao, 2008; Stranahan et al., 2008). Notably, while the development of resistance to these 
hormones brought on by Western diet consumption is often accompanied by obesity (Jeevendra 
Martyn, Kaneki, Yasuhara, & Assistant Biochemist, n.d.; Kaiyala, Prigeon, Kahn, Woods, & 
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Schwartz, 2000), there is evidence that resistance can develop even prior to the onset of obesity 
(Clegg et al., 2011).  
 The gut microbiome provides another mechanistic link between Western diet and deficits 
in hippocampal-dependent cognition. The composition of the microbial ecosystem within the 
digestive tract is heavily influenced by diet (David et al., 2014; de La Serre et al., 2010), and the 
putative mechanisms by which these Western-diet-induced changes in gut microbiome 
composition negatively impact hippocampal function include the stimulation of 
neuroinflammatory cytokines (Cani et al., 2008; Herculano et al., 2013; Puig, Floden, Adhikari, 
Golovko, & Combs, 2012; Sankowski, Mader, & Valdes-Ferrer, 2015), the alteration of central 
and peripheral insulin sensitivity (Shin et al., 2014; Simon et al., 2015; Vrieze et al., 2012), and 
disruptions in the integrity of the blood brain barrier within the hippocampus (Freeman, Haley-
Zitlin, Stevens, & Granholm, 2011; Kanoski, Zhang, Zheng, & Davidson, 2010; Pallebage-
Gamarallage et al., 2012). Dietary fiber has also been shown to act via these same mechanisms, 
by producing bacterial fermentation products such as short-chain fatty acids (Macfarlane & 
Macfarlane, 2011) which, in turn, down-regulate neuroinflammatory cytokines (Cox et al., 2009; 
Segain et al., 2000), and by promoting insulin sensitivity (Gemen, de Vries, & Slavin, 2011; 
Pereira et al., 2002).While the current data are unable to speak to the associations between 
participant diet, gut microbiome composition, and cognitive function, future studies should 
include such measures to address this potential connection.  
 In conclusion, the current study found that children’s performance on a hippocampal-
dependent creativity task was negatively associated with their reported added sugar consumption 
and positively associated with dietary fiber intake. While these significant associations did not 
extend to dietary lipid intake, as has been demonstrated by other studies in this age group (Baym 
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et al., 2014), it remains notable that added sugar, a key component of the Western diet previously 
linked to hippocampal dysfunction, predicted creativity performance even after controlling for 
central adiposity and socioeconomic status. While there are currently no established guidelines 
for added sugar consumption, average reported fiber intake in our sample was 16.6g/day, which 
is, at most, two-thirds of the adequate intake (AI) value for dietary fiber for children of this age 
(Institute of Medicine, 2005). This fiber intake is similar to US national average for children of a 
similar age (McGill, Fulgoni, Devareddy, & Devareddy, 2015), which supports the 
generalizability of the results presented here. Given current dietary trends among US children 
(namely, overconsumption of added sugar and insufficient consumption of dietary fiber) 
(Afeiche, Koyratty, Wang, Jacquier, & Lê, 2017; Drewnowski & Rehm, 2014; McGill et al., 
2015; Vos et al., 2017), the associations between these nutrients and cognitive function have 
broad public health implications. However, it must be noted that the current cross-sectional study 
design cannot support any causal claims about the relationship between diet and creativity. 
Future research, involving well-controlled longitudinal or interventional studies will provide 
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE DIRECTIONS!
 
The series of experiments presented here aimed to further characterize the development 
of hippocampal-dependent cognition and to investigate its sensitivity to health factors, including 
nutrition, aerobic fitness, and body composition, and its relationship to academic outcomes 
during childhood. To accomplish this goal, we employed a broad range of techniques, including 
biological (Chapter 2) and dietary (Chapter 5) measures of nutrition, physiological measures of 
aerobic fitness (Chapters 2, 3, and 5), body composition metrics (Chapters 2 and 5), and 
standardized measures of academic achievement (Chapter 3). We selected as our measures of 
hippocampal-dependent relational memory (Chapters 2-5), mnemonic discrimination (Chapters 3 
and 4), and creativity (Chapter 5), as there is substantial evidence linking each of these functions 
to the functional and structural integrity of the hippocampus (Horecka, Dulas, Schwarb, Lucas, 
& Cohen, 2017; Schwarb, Johnson, McGarry, & Cohen, 2016; Yassa, Lacy, et al., 2010; Yassa, 
Stark, et al., 2010), but little has been done to relate them to each other directly.  Taken together, 
the results of these experiments offer evidence of differential developmental trajectories for 
specific domains of hippocampal-dependent cognition and suggest that these domains are 
differentially sensitive to the impact of nutrition, fitness, and body composition.!
 Given an increasing body of research which aims to implement interventions to improve 
cognitive function by enhancing physical health, these experiments offer critical insight into the 
sensitivity of various measures of hippocampal function to health factors, and will allow for the 
optimal selection of cognitive tasks for characterizing the impact of these interventions on the 
hippocampus. This discussion considers the ways in which the work presented here builds upon 
and extends existing work, focusing on the hippocampus in the context of 1) aerobic fitness, 2) 
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nutrition, and 3) academic achievement, and concludes by considering future directions for these 
related lines of research. 
Aerobic fitness and the Hippocampus 
 The animal literature offers extensive evidence supporting the beneficial effects of 
aerobic exercise on the hippocampus. In rodents, engaging in aerobic exercise promotes 
hippocampal neurogenesis (van Praag,  Shubert, Zhao, & Gage, 2005; van Praag, Kempermann, 
& Gage, 1999) and angiogenesis (Van Der Borght et al., 2009) and stimulates the expression of 
BDNF (Ding, Ying, & Gómez-Pinilla, 2011) within the hippocampus. This in turn contributes to 
enhanced learning and memory among animals who engage in aerobic exercise (Creer, Romberg, 
Saksida, van Praag, & Bussey, 2010; van Praag, 2005). In humans, increases in aerobic fitness 
among older adults have been accompanied by increases in hippocampal volume (Erickson et al., 
2011), and greater aerobic fitness is associated with larger hippocampal volume in children 
(Chaddock et al., 2010) and older adults (Erickson et al., 2009). Previous work from the MSL 
has revealed positive associations between aerobic fitness and relational memory, a key function 
of the hippocampus (Baym et al., 2014), and the work presented here this association into 
childhood using a spatial reconstruction relational memory task adapted specifically for use with 
children (Hassevoort et al., 2017).  Furthermore, the association between aerobic fitness and 
hippocampal function observed in these experiments was specific to relational memory, 
suggesting that tasks that assess relational memory (and specifically the spatial reconstruction 
task employed in this case), may be best suited for detecting the impact of changes in aerobic 




Nutrition and the Hippocampus 
 As the complex relationships between nutrition and cognitive function are clarified, there 
is increasing evidence that the hippocampus is particularly sensitive to the impact of nutrition 
(for a more in-depth discussion of the mechanisms by which nutrition impacts hippocampal 
function, see Chapters Two and Five). Researchers investigating nutrition and its relationship to 
brain health and cognitive function (hippocampal function, for example) in humans often employ 
one of two approaches for characterizing nutrition: 1) single-nutrient biomarkers or 2) self-
reported dietary records or surveys, which are capable of characterizing diet in a more holistic 
manner. The experiments presented here employed both approaches, focusing on macular lutein 
(Hassevoort et al., 2017) and consumption of nutrients associated with the Western diet. The 
work presented in Chapter Two adds to a quickly growing body of literature concerning the 
relationship between macular lutein (a nutritional biomarker linked to lutein accumulation in the 
brain) and is the first to demonstrate a relationship between relational memory and macular 
lutein (Hassevoort et al., 2017). The findings detailed in Chapter Five are the first to relate 
consumption of added sugar (mono- and di-saccharides added to food during processing) to 
hippocampal-dependent cognition in children and add to the body of literature implicating 
Western dietary habits in hippocampal dysfunction. 
Academic Achievement and the Hippocampus 
 While the hippocampus has historically been regarded as Ia critical structure within the 
domain of memory (McDonald & White, 1993; Scoville & Milner, 1957), there is now abundant 
evidence that the hippocampus plays a vital role across a wide variety of cognitive domains, 
including creativity (Duff, Kurczek, Rubin, Cohen, & Tranel, 2013; Rubin, Watson, Duff, & 
Cohen, 2014), problem solving (Warren, Kurczek, & Duff, 2016), and decision-making 
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(Palombo, Keane, & Verfaellie, 2015), functions which have also been implicated in academic 
achievement (Gajda, Karwowski, & Beghetto, 2017; Hansenne & Legrand, 2012; van Geel, 
Keuning, Visscher, & Fox, 2016). Yet there has been little work relating performance on lab-
based hippocampal-dependent tasks and standardized academic achievement outcomes. Chapter 
Three offers evidence that relational memory, but not mnemonic discrimination, was associated 
with overall academic achievement. These findings speak to the specificity of the relationship 
between relational memory and academic achievement, as the significant associations did not 
extend to all realms of hippocampal-dependent cognition. This work has important educational 
implications, as it affirms the validity of our spatial reconstruction relational memory task as an 
appropriate measure of the cognitive functions that underlie academic success. 
Future Directions 
 The work presented in this dissertation lays the groundwork for multiple lines of future 
research. The developmental findings presented in Chapter Four suggest that mnemonic 
discrimination, recognition memory, and relational memory performance develop along different 
trajectories during childhood. In our sample of children and young adults, we were unable to 
fully characterize these developmental trajectories. By recruiting a sample of children and 
adolescents encompassing a wide range of ages and utilizing the same tasks presented here, 
future studies could address this open question. Strikingly, differences in relational memory 
performance among adults and children were accompanied by corresponding differences in 
exploratory behavior during the study phase of the spatial reconstruction task, as assessed via 
eye-tracking. Expanding upon this line of work, we have developed a spatial navigation task 
modeled on the spatial reconstruction task, in which participants explore two rooms to locate 
objects which they must subsequently arrange to re-create the studied display. This task provides 
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more ecologically-valid measures of exploratory behavior and will permit us to more fully 
characterize these behaviors in adults and children. 
 Within the realm of nutritional neuroscience, there is mounting evidence that the gut 
microbiome may mediate the relationship between diet and cognitive function. While gut 
microbiome composition was not characterized in the experiments presented here, we are 
currently engaged in examining the relationships between diet, gut microbiome composition, and 
hippocampal-dependent cognition (mnemonic discrimination and relational memory) in young 
and middle-aged adults. Given evidence that dietary fiber and sugar consumption influence gut 
microbiome composition (Noble, Hsu, & Kanoski, 2017), which in turn has been linked to 
hippocampal function, the findings presented in Chapter Five that added sugar and dietary fiber 
consumption were related to creativity in children open up the possibility that the gut 
microbiome may in part mediate this relationship. Future work extending our ongoing 
microbiome measures into a pediatric sample will allow us to address this question.  
The cross-sectional nature of these experiments does not allow us to make causal claims 
regarding the relationship between fitness, nutrition, body composition, and hippocampal-
dependent cognition. Randomized controlled trials (RCTs) are vital for demonstrating the 
mechanisms by which these health factors impact hippocampal function, and we have begun to 
address this point by conducting the FITKids trial, an 9-month RCT with a 2x2 factorial design 
in which children were assigned to an after-school exercise group or a wait-list control group, 
and received either a nutritional supplement or placebo. As we begin to analyze the intervention 
data from this trial, we anticipate that improvements in aerobic fitness in the exercise group and 
improvements in nutritional status in the supplemented group will lead to enhanced relational 
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memory outcomes and, furthermore, that nutritional supplementation and aerobic exercise may 
have synergistic effects on relational memory performance.  
 In conclusion, the experiments included in this dissertation further elucidate the 
relationships between physical health factors and hippocampal dependent cognition during 
childhood. The sensitivity of relational memory to these factors has profound implications at a 
time when sedentary behavior, unhealthy diet, and obesity are serious problems facing today’s 
children, as is suggests that unhealthy behaviors early in life may set children up for deficits 
within a cognitive domain that is vitally important for academic (and therefore future) success. 
The multi-pronged approach to characterizing hippocampal-dependent cognition utilized in this 
work has allowed us to identify specific tasks which are optimally sensitive to the impact of 
health on hippocampal function and can be used in future interventions aimed at improving 
children’s physical and cognitive health.  
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